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Abstract
Significance: Autophagy is a highly conserved eukaryotic cellular recycling process. Through the degradation of
cytoplasmic organelles, proteins, and macromolecules, and the recycling of the breakdown products, autophagy
plays important roles in cell survival and maintenance. Accordingly, dysfunction of this process contributes to
the pathologies of many human diseases. Recent Advances: Extensive research is currently being done to better
understand the process of autophagy. In this review, we describe current knowledge of the morphology,
molecular mechanism, and regulation of mammalian autophagy. Critical Issues: At the mechanistic and reg-
ulatory levels, there are still many unanswered questions and points of confusion that have yet to be resolved.
Future Directions: Through further research, a more complete and accurate picture of the molecular mechanism
and regulation of autophagy will not only strengthen our understanding of this significant cellular process, but
will aid in the development of new treatments for human diseases in which autophagy is not functioning
properly. Antioxid. Redox Signal. 20, 460–473.
Introduction
Autophagy is a cellular degradation and recycling pro-cess that is highly conserved in all eukaryotes. In mam-
malian cells, there are three primary types of autophagy:
microautophagy, macroautophagy, and chaperone-mediated
autophagy (CMA). While each is morphologically distinct, all
three culminate in the delivery of cargo to the lysosome for
degradation and recycling (Fig. 1) (154). During micro-
autophagy, invaginations or protrusions of the lysosomal
membrane are used to capture cargo (101). Uptake occurs
directly at the limiting membrane of the lysosome, and can
include intact organelles. CMA differs from microautophagy
in that it does not use membranous structures to sequester
cargo, but instead uses chaperones to identify cargo proteins
that contain a particular pentapeptide motif; these substrates
are then unfolded and translocated individually directly
across the lysosomal membrane (95). In contrast to micro-
autophagy and CMA, macroautophagy involves sequestra-
tion of the cargo away from the lysosome. In this case, de novo
synthesis of double-membrane vesicles—autophagosomes—
is used to sequester cargo and subsequently transport it to the
lysosome (157).
Of the three types of autophagy, macroautophagy is the best
studied. Macroautophagy occurs at a low level constitutively
and can be further induced under stress conditions, such as
nutrient or energy starvation, to degrade cytoplasmic material
into metabolites that can be used in biosynthetic processes or
energy production, allowing for cell survival (157). Under
normal growing conditions, macroautophagy aids in cellular
maintenance by specifically degrading damaged or superflu-
ous organelles (154). Thus, macroautophagy is primarily a cy-
toprotective mechanism; however, excessive self-degradation
can be deleterious. Accordingly, autophagic dysfunction is
associatedwith a variety of humanpathologies, including lung,
liver, and heart disease, neurodegeneration, myopathies, can-
cer, ageing, and metabolic diseases, such as diabetes (148).
This review provides an overview of the current state of
knowledge of autophagy, with an emphasis on the mor-
phology, molecular mechanism, regulation, and selectivity of
mammalian macroautophagy.
Microautophagy
Microautophagy refers to a process by which cytoplasmic
contents enter the lysosome through an invagination or
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deformation of the lysosomal membrane (94). In one early
study, isolated rat liver lysosomes were shown by electron
microscopy to engulf Percoll particles in vitro by way of
protrusions or cup-like invaginations of the lysosomal
membrane, forming vesicles within the lysosome. Some of
these particles were seen free-floating within the lysosomal
lumen, presumably through rupture/lysis of the vesicles
(93). A very recent study presented evidence that a micro-
autophagy-like process called endosomal microautophagy
transports soluble cytosolic proteins to the vesicles of late
endosomal multivesicular bodies (123). Due to the limited
number of tools available for the study of microautophagy,
we know relatively little about this process, including its
regulation and possible roles in human health and disease
(101).
Chaperone-Mediated Autophagy
A second type of autophagy, which has so far only been
described in mammalian cells, is CMA. Unlike micro-
autophagy and macroautophagy, which can both nonspe-
cifically engulf bulk cytoplasm, CMA is highly specific;
common to all CMA substrates is a pentapeptide targeting
motif biochemically related to KFERQ (24). Based on se-
quence analysis and immunoprecipitation experiments, it is
estimated that *30% of cytosolic proteins contain such a
sequence (16). Target proteins containing the KFERQ con-
sensus motif are unfolded through the action of cytosolic
chaperones and translocated directly across the lysosomal
membrane where they are degraded in the lumen (114).
CMA degrades a wide range of substrate proteins, includ-
ing certain glycolytic enzymes, transcription factors and
their inhibitors, calcium and lipid binding proteins, pro-
teasome subunits, and proteins involved in vesicular traf-
ficking (3).
During CMA, the KFERQ motif is recognized by the heat
shock 70 kDa protein 8 (HSPA8/HSC70), as well as other
cochaperones (Fig. 1) (17). HSPA8 can then deliver the
substrate to the lysosomal membrane, where it likely assists
in substrate unfolding (1). At the lysosomal membrane, the
substrate binds to monomers of the CMA substrate recep-
tor, lysosomal-associated membrane protein 2A (LAMP2A)
(18). This substrate-receptor binding leads to the multi-
merization of LAMP2A (8, 18). As the multimeric translo-
cation complex forms, subunits of the complex are
stabilized on the lumenal side of the lysosomal membrane
by HSP90 (8). Following translocation of the substrate into
the lysosomal lumen—in part, through the action of lu-
menal HSPA8—the translocation complex is actively dis-
assembled by cytosolic HSPA8, and LAMP2A returns to a
monomeric state where it can bind new substrate and ini-
tiate a new round of translocation (8).
Regulation of the translocation process occurs at the level of
substrate binding to LAMP2A,which is rate-limiting for CMA
(19). Changes in LAMP2A levels at the lysosomal membrane
modulate the level of CMA activity and primarily result from
changes in degradation and organization of LAMP2A rather
than synthesis of the protein (8, 19, 20). Some data support the
idea that redistribution of LAMP2A between fluid regions of
the lysosomal membrane and lipid-enriched microdomains
influences the degradation of LAMP2A (65). While much is
known about translocation regulation, far less is clear about
overall CMA regulation (3). Mild oxidative stress (66),
protein-damaging toxins (21), and extended periods of nu-
trient deprivation all upregulate CMA (6, 22), but the intra-
cellular signaling pathways that facilitate this change are not
fully understood (3).
It is suggested that HSPA8 and LAMP2A also participate in
a type of macroautophagy called chaperone-assisted selective
autophagy. During this process, chaperones aid in the clear-
ance of selectively ubiquitinated organelles and protein
complexes (76). Association of these ubiquitinated targets
with receptors, such as SQSTM1/p62 and NBR1, and with
enzymes, including HDAC6, allows for recognition by the
macroautophagy machinery, delivery to the lysosome, and
degradation (74, 76, 81).
FIG. 1. Three types of au-
tophagy in mammalian cells.
Macroautophagy relies on de
novo formation of cytosolic
double-membrane vesicles, au-
tophagosomes, to sequester
and transport cargo to the ly-
sosome. Chaperone-mediated
autophagy transports individ-
ual unfolded proteins directly
acrossthelysosomalmembrane.
Microautophagy involves the
direct uptakeof cargo through
invagination of the lysosomal
membrane. All three types of
autophagy lead to degrada-
tion of cargo and release of the
breakdownproducts back into
the cytosol for reuseby the cell.
See the text for details. To see
this illustration in color, the
reader is referred to the web
version of this article at www
.liebertpub.com/ars
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Macroautophagy
Basic morphological progression
As stated above, macroautophagy is distinct from micro-
autophagy and CMA in part because the initial site of se-
questration occurs away from the limiting membrane of the
lysosome, and involves the formation of cytosolic vesicles that
transport the cargo to this organelle. The morphological fea-
ture that makes macroautophagy unique from other intra-
cellular vesicle-mediated trafficking processes is that the
sequestering vesicles, termed autophagosomes, form de novo
rather than through membrane budding; that is, the auto-
phagosome forms by expansion, and does not bud from a
preexisting organelle, already containing cargo (152). Upon
induction of macroautophagy in yeast, formation of auto-
phagosomes begins at a single perivacuolar site called the
phagophore assembly site (PAS) (14). In mammalian systems,
autophagosome generation is initiated at multiple sites
throughout the cytoplasm rather than at a single PAS (14, 57).
Several studies suggest that endoplasmic reticulum (ER)-
associated structures called omegasomes may serve as initi-
ation sites in mammals (41, 155).
Following initiation, the membrane begins to expand. At
this stage, it is called a phagophore, which is the primary
double-membrane sequestering compartment (Fig. 2) (43).
The source of membrane that makes up the phagophore is
highly debated, but various studies have implicated the
plasma membrane (120, 121), ER (41, 155), Golgi complex
(134), and mitochondria (36) as possible sources (107, 145).
As the phagophore expands, the membrane bends to ulti-
mately generate a spherical autophagosome. The factors
that drive curvature of the membrane during nonspecific
Induction
and
nucleation
Elongation
Phagophore
Autophagosome
Lysosome
Lysosome
Endosome
Amphisome
Autolysosome
Closure and
maturation
Fusion
Degradation
ULK1/2
complex
ATG9
LC3-II
ATG12–ATG5-ATG16L1
complex
Permease
Hydrolase
Class III PtdIns3K
complex
FIG. 2. Morphology of macro-
autophagy. Nucleation of the pha-
gophore occurs following induction
by the ULK1/2 complex. Elonga-
tion of the phagophore is aided by
the ATG12–ATG5-ATG16L1 com-
plex, the class III PtdIns3K com-
plex, LC3-II, and ATG9. Eventually,
the expanding membrane closes
around its cargo to form an auto-
phagosome and LC3-II is cleaved
from the outer membrane of this
structure. The outer membrane of
the autophagosome will then fuse
with the lysosomal membrane to
form an autolysosome. In some in-
stances, the autophagosome may
fuse with an endosome, forming an
amphisome, before fusing with the
lysosome. The contents of the auto-
lysosome are then degraded and ex-
ported back into the cytoplasm for
reuse by the cell. See the text for de-
tails. This figure was modified from
Figure 1 in Yang and Klionsky (153).
ATG, autophagy-related; PtdIns3K,
phosphatidylinositol 3-kinase; ULK,
unc-51-like kinase (C. elegans). To see
this illustration in color, the reader is
referred to the web version of this
article at www.liebertpub.com/ars
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macroautophagy are not known. In the case of selective
macroautophagy, the membrane appears to essentially wrap
around the cargo; thus, adjusting to fit the specific target (102).
Upon completion, the phagophore fully surrounds its cargo
and fuses to form the double-membrane autophagosome. The
size of the autophagosome varies based on organism and
cargo type. For example, the diameter of autophagosomes
ranges from *0.4 to 0.9 lm in yeast, and 0.5 to 1.5 lm in
mammals (104, 117, 127, 136).
Once the autophagosome is formed, it must deliver its
cargo to the lysosome in mammals or the functionally related
vacuole in yeast and plants. As it reaches its destination, the
outer membrane of the autophagosome will fuse with the
lysosomal/vacuolar membrane. In yeast and plants, due to
the relatively large size of the vacuole, this releases a single-
membrane autophagic body into the vacuolar lumen. Fusion
between autophagosomes and lysosomes in mammals,
however, does not generate autophagic bodies (23). The
product of fusion between an autophagosome and lysosome
in mammalian cells is referred to as an autolysosome (152).
Exposed to the acidic lumen and resident hydrolases of the
lysosome/vacuole, the autophagosome inner membrane and,
subsequently, the autophagic cargo are degraded and the
component parts are exported back into the cytoplasm
through lysosomal permeases for use by the cell in biosyn-
thetic processes or to generate energy (157). In mammals,
macroautophagy often converges with the endocytic path-
way. Hence, before fusion with lysosomes, autophagosomes
may also fuse with early or late endosomes to form
amphisomes, which then fuse with lysosomes to become
autolysosomes (9, 140).
Macroautophagy machinery
Induction. In yeast macroautophagy, induction of auto-
phagosome formation is regulated by the Atg1-Atg13-Atg17-
Atg31-Atg29 kinase complex (43). In mammalian cells, this
complex is made up of an Atg1 homolog from the Unc-51-like
kinase family (either ULK1 or ULK2), the mammalian ho-
molog of Atg13 (ATG13), and RB1-inducible coiled-coil 1
(RB1CC1/FIP200), which is required for the induction of
macroautophagy and may be an ortholog of yeast Atg17 (Fig.
3) (33, 38, 47, 62). Also in this complex is C12orf44/ATG101,
which binds directly to ATG13, is essential for macro-
autophagy, and has no known yeast homolog (48, 100). The
mammalian ULK1/2-ATG13-RB1CC1 complex is stable and
forms regardless of nutrient status (47, 62).
The association of the mechanistic target of rapamycin
complex 1 (MTORC1) with the induction complex is, how-
ever, influenced by nutrient status. Under nutrient-rich con-
ditions, MTORC1 associates with the complex, but dissociates
upon nutrient starvation (47). When MTORC1 is complex-
associated, it phosphorylates ULK1/2 and ATG13, inactivat-
ing them. However, when cells are treated with rapamycin or
starved for nutrients, MTORC1 dissociates from the induction
complex, resulting in dephosphorylation at these sites and
induction of macroautophagy (47, 62). The phosphatases re-
sponsible at this stage are as yet unknown. The involvement
of MTORC1 in the regulation of macroautophagy is an active
area of research and will be discussed in greater detail below,
as well as in another review in this Forum series.
Nucleation. The next complex recruited to the putative
site of autophagosome formation is the ATG14-containing
class III phosphatidylinositol 3-kinase (PtdIns3K) complex
(57). The PtdIns3K complex generates PtdIns3P, which is re-
quired for macroautophagy in both yeast and mammals (13).
This complex is involved in the nucleation of the phagophore
and consists of PIK3C3/VPS34, PIK3R4/p150 (Vps15 in
yeast), andBECN1 (Vps30/Atg6 in yeast) (Fig. 4) (32, 55, 67, 87,
151). As in yeast, this complex can either function in macro-
autophagy by associating with ATG14 or in the endocytic
pathway through an interaction with UVRAG (an ortholog of
yeast Vps38) (55, 85, 132). While some data suggest that the
UVRAG-associated PtdIns3K complex is involved in autop-
hagosome formation (85), other reports suggest that it may act
in later stages of autophagosome development (86). Another
study found that siRNA knockdown of UVRAG in HeLa cells
does not affect macroautophagy (55). It is clear that further
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FIG. 3. The induction complex consists of ULK1/2, ATG13, RB1CC1, and C12orf44. Under nutrient-rich conditions,
MTORC1 associates with the complex and inactivates ULK1/2 and ATG13 through phosphorylation. During starvation,
MTORC1 dissociates from the complex and ATG13 and ULK1/2 become partially dephosphorylated by as yet unidentified
phosphatases, allowing the complex to induce macroautophagy. RB1CC1/FIP200 and C12orf44/ATG101 are also associated
with the induction complex and are essential for macroautophagy. RB1CC1/FIP200 may be the ortholog of yeast Atg17,
whereas the function of C12orf44/ATG101 is not known. This figure was modified from Figure 1 in Yang and Klionsky (154).
MTORC1, mechanistic target of rapamycin complex 1; RB1CC1, RB1-inducible coiled-coil 1. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub.com/ars
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work is required to fully understand the role of UVRAG in the
endocytic and macroautophagic pathways.
Regulation of the PtdIns3K complex occurs largely through
proteins that interact with BECN1, which is essential for
macroautophagy (87, 160). The antiapoptotic protein BCL2
binds BECN1 and prevents its interaction with PIK3C3; thus,
inhibiting macroautophagy (32, 88, 116). Another BECN1-
binding protein, KIAA0226/Rubicon, inhibits PIK3C3 activ-
ity in UVRAG-associated PtdIns3K complexes (Fig. 4) (96,
163). Two positive regulators of the PtdIns3K complex are
AMBRA1 (which directly binds BECN1) and SH3GLB1/Bif-1
(which interacts with BECN1 through UVRAG, and may be
involved in generating membrane curvature) (29, 133, 135).
Very little is known, however, about upstream events regu-
lating the constituents of the various PtdIns3K complexes.
In yeast, there are several proteins that bind to PtdIns3P
generated by the Vps34 complex. Of these, Atg18 and Atg21
have a role in macroautophagy and localize to the PAS (78).
Mammalian cells express two Atg18 orthologs, WIPI1 and
WIPI2, which are also involved in macroautophagy and as-
sociate with phagophores during amino acid starvation by
binding to PtdIns3P (60, 118, 119). Another PtdIns3P-binding
protein in mammalian cells is the zinc finger, FYVE domain
containing 1 (ZFYVE1/DFCP1), which associates with
PtdIns3P-enriched omegasomes (7). The precise functions of
WIPI1/2 and ZFYVE1 in macroautophagy are still unknown.
Elongation. In both yeast and mammals, there are two
conjugation systems involving ubiquitin-like (UBL) proteins
that contribute to the expansion of the phagophore (145). The
first system involves formation of the Atg12–Atg5-Atg16
complex. In yeast, the UBL protein Atg12 is covalently con-
jugated to Atg5 in a manner dependent on the E1 activating
enzyme Atg7 and the E2 conjugating enzyme Atg10 (70, 113,
129). This process differs from ubiquitination in that the con-
jugation ofAtg12 toAtg5 is irreversible anddoes not require an
E3 ligase enzyme (34). Following Atg12–Atg5 conjugation,
Atg16 binds to Atg5 noncovalently and dimerizes to form a
larger complex (79). Mammalian orthologs of this system,
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FIG. 4. The activity of the class III PtdIns3K complex is
regulated by subunit composition. The ATG14 complex
(ATG14-BECN1-PIK3C3-PIK3R4) is required for macro-
autophagy. It can be positively regulated by AMBRA1 and
negatively regulated byBCL2binding toBECN1andpreventing
association with the complex. The UVRAG (UVRAG-BECN1-
PIK3C3-PIK3R4) complex is involved in the endocytic pathway
and also participates in macroautophagy. SH3GLB1/Bif-1 posi-
tively regulates this complex by binding UVRAG. The
KIAA0226/Rubicon complex (KIAA0226-UVRAG-BECN1-
PIK3C3-PIK3R4) negatively regulates macroautophagy. This
figure was modified from Figure 1 in Yang and Klionsky (154).
To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
ATG12
ATG12
ATG7
ATG10
E1
E2
ATG5
ATG5
ATG16L1
ATG12
ATG5
ATG12
ATG5
ATG16L1
ATG16L1
FIG. 5. ATG12–ATG5-ATG16L1 conjugation complex. The
ubiquitin-like protein ATG12 is irreversibly conjugated to
ATG5 in an ATG7- and ATG10-dependent manner. ATG7 and
ATG10 function as E1 activating and E2 conjugating enzymes,
respectively. The ATG12–ATG5 conjugate binds ATG16L1
through ATG5. ATG16L1 dimerizes and allows association
with the phagophore, promoting membrane expansion. To see
this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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ATG5, ATG12 and ATG16L1, have been identified, and func-
tion as in yeast (Fig. 5) (105, 113). The mammalian ATG12–
ATG5-ATG16L1 complex associates with the phagophore
membrane, but dissociates following autophagosome com-
pletion (105, 106). One way in which this complex is regulated
is through the Golgi protein RAB33A, which can bind to and
inhibit ATG16L1 (58). Additionally, ATG5, ATG7, and ATG12
are inhibited through acetylation by the acetyltransferase
KAT2B/p300 (82).
The secondUBL system involved in phagophore expansion
is the Atg8/LC3 system. This conjugation pathway in yeast
begins with processing of Atg8 by the cysteine protease Atg4
to expose a glycine residue at the C terminus of Atg8 (73).
The E1-like enzyme Atg7 activates the processed Atg8 and
transfers it to the E2-like enzyme Atg3 (52). Finally, the
C-terminal glycine of Atg8 is covalently conjugated to the
lipid phosphatidylethanolamine (PE). The Atg12–Atg5 con-
jugate, which may act as an E3 ligase, facilitates this final step
(30, 37, 52). Atg8–PE is membrane-associated, but can be re-
leased frommembranes as a result of a secondAtg4-mediated
cleavage (73). The mechanism of regulation of the second
Atg4-dependent processing event, referred to as deconjuga-
tion, is not known; however, this appears to be an important
step in macroautophagy because defects in cleavage result in
partial autophagic dysfunction (111).
Mammalian homologs of the Atg8/LC3 system function
much like their yeast counterparts (Fig. 6) (34). Unlike yeast,
which have only one Atg4 and one Atg8, mammals have four
isoforms of ATG4 and several Atg8-like proteins, the latter of
which are divided into the LC3 and GABARAP subfamilies
(44, 91, 146). Whereas both subfamilies can localize with au-
tophagosomes (64), it has been proposed that they function at
different steps in phagophore elongation and completion,
with the LC3 subfamily acting before the GABARAP sub-
family (146). Among the Atg8-like proteins in mammals, LC3
has been the best characterized. The ATG4-processed form of
LC3 is referred to as LC3-I and the PE-conjugated form is
called LC3-II (34). Lipidation of LC3 in mammalian cells is
accelerated under conditions of nutrient starvation or other
types of stress (63). While the mechanism of the conjugation
system of Atg8/LC3 is well understood, the precise role of
Atg8/LC3 in macroautophagy is still unclear. Atg8, and to
some extent LC3 (92, 138), shows a substantial increase in
synthesis duringmacroautophagy induction (72), and in yeast
this is a determining factor in autophagosome size (149).
Another protein thought to function in elongation of the
phagophore is the transmembrane protein ATG9. In yeast,
Atg9 may cycle between the PAS and peripheral sites (122).
These peripheral sites are referred to as Atg9 reservoirs or
tubulovesicular clusters (TVCs). The TVCs may be direct
membrane precursors to the PAS, and thus, to phagophores
(90, 110). The movement of Atg9 is dependent on the Atg1-
kinase complex, as well as multimerization of Atg9 (42, 122).
The abilities of Atg9 to traffic and multimerize are necessary
for autophagosome formation, suggesting that these proper-
ties of Atg9 contribute to a role for this protein in recruiting
membrane to the expanding phagophore (42, 122).
The mammalian homolog of Atg9 (ATG9) is also seen to
shift localization within the cell and is proposed to have a
similar role in membrane recruitment (159). Under nutrient-
rich conditions, ATG9 localizes to the trans-Golgi network
and late endosomes (159). When cells are starved for nutri-
ents, however, ATG9 colocalizes with autophagosomal
markers (159). This cycling to autophagosomes is dependent
on both ULK1 and PtdIns3K activity and is negatively regu-
lated by MAPK14/p38a (144, 159). The exact functions of
ATG9 in the cell, and how the ULK1 complex regulates ATG9
movement, are poorly understood.
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FIG. 6. The LC3 conjugation system. LC3 is processed by
ATG4 to reveal a C-terminal glycine (LC3-I). ATG7, an E1-
like enzyme, activates LC3-I and transfers it to the E2-like
enzyme ATG3. The ATG12–ATG5-ATG16L1 complex may
participate as an E3 ligase in the conjugation of PE to LC3-I
to create LC3-II, which can associate with the phagophore.
LC3-II can subsequently be cleaved by ATG4 to release LC3
(deconjugation). PE, phosphatidylethanolamine. To see this
illustration in color, the reader is referred to the web version
of this article at www.liebertpub.com/ars
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Autophagosome completion and fusion. In what is per-
haps the least understood step of macroautophagy, the ex-
panding phagophore must eventually mature and close to
form a completed autophagosome, which traffics to and fuses
with an endosome and/or lysosome, becoming an autolyso-
some. Movement of autophagosomes to lysosomes is depen-
dent on microtubules (108). Fusion of autophagosomes with
endosomes involves the protein VTIlB (5). UVRAG,which can
associate with the PtdIns3K complex, can activate the GTPase
RAB7, which promotes fusion with lysosomes (59, 86). It has
also been suggested that components of the SNARE ma-
chinery, such as VAM7 and VAM9, have a role in fusion (28,
31). Recent work has identified another SNARE, syntaxin 17,
which localizes to completed autophagosomes and is re-
quired for fusion with the endosome/lysosome through an
interaction with SNAP29 and the endosomal/lysosomal
SNARE VAMP8 (56).
Regulation of macroautophagy
Macroautophagy helps cells respond to a wide range of
extra- and intracellular stresses including nutrient starvation,
the presence/absence of insulin and other growth factors,
hypoxia, and ER stress (Fig. 7) (43). Two pathways involved in
nutrient starvation are regulated by the cAMP-dependent
protein kinase A (PKA) and TOR pathways, which sense
primarily carbon and nitrogen, respectively (130). In yeast,
PKA is an inhibitor of macroautophagy under nutrient-rich
conditions (12). In mammals, this inhibition occurs at least
partially through the phosphorylation of LC3 by PKA (15).
For its role in nitrogen sensing, MTORC1 is positively regu-
lated by the presence of amino acids. Amino acids regulate
RAG proteins, RAS-related small GTPases that activate
MTORC1 (68, 124). There is thought to be some crosstalk
between the carbon- and nitrogen-sensing pathways, based
on studies that demonstrated that mammalian PKA can
phosphorylate, and thus activate, MTORC1 (11, 97). PKA can
also indirectly activate MTORC1 through inactivation of the
AMP-activated protein kinase (AMPK) (26).
AMPK is not simply a substrate of PKA. It is the major
energy-sensing kinase in the cell and responds to intracellular
AMP/ATP levels to regulate a variety of cellular processes,
including macroautophagy (2, 99). AMP and ATP have op-
posite effects on the activity of AMPK, with AMP binding
activating the kinase activity of AMPK (40). When activated
by low energy levels, AMPK can phosphorylate and activate
the TSC1/2 complex, which indirectly inhibits the activity of
MTORC1 (53). Alternatively, AMPK can directly inhibit
MTORC1 (35, 154). Several studies have also reported that
AMPK can phosphorylate and activate ULK1 to induce
macroautophagy (27, 71, 84, 128). The modulation of macro-
autophagy by energy sensing is conserved in yeast where
Snf1, the yeast ortholog of AMPK, serves as a positive regu-
lator (50, 143).
It has also been observed that an increase in cytosolic Ca2 +
concentrations resulting from ER stress causes calcium/
calmodulin-dependent protein kinase kinase 2, beta
(CAMKK2/CaMKKb) to activate AMPK and induce macro-
autophagy (49). Another way in which ER stress can induce
macroautophagy is through unfolded protein response (UPR)
signaling. Accumulation of unfolded proteins in the ER can be
caused by a variety of cellular stressors, and induces macro-
autophagy in both yeast and mammals. However, the role
of macroautophagy in response to ER stress seems to vary,
with some studies reporting that it enhances cell survival,
while others suggest that it may result in autophagic cell
death (25, 43).
Additional signals that cause the induction of macro-
autophagy include hypoxia and the absence of growth factors.
Even in the presence of adequate nutrients, the absence of
growth factors leads to the induction of macroautophagy (89).
Both growth factor concentrations and hypoxia regulate
macroautophagy at least in part through MTORC1, and
hypoxia can inhibit MTORC1 even in the presence of ade-
quate nutrients and growth factors (2, 4). Given its complex
regulation by a variety of cellular signaling pathways,
the involvement of MTORC1 in the regulation of macro-
autophagy is a very intriguing and active area of research, and
is discussed in greater detail in another review in this Forum
series.
Selective macroautophagy and cellular maintenance
While nonspecific macroautophagy can be induced in re-
sponse to nutrient or energy deprivation to enable cell sur-
vival, macroautophagy can also be highly specific, and in this
mode functions more in cell maintenance and homeostasis
(14, 54). Specific autophagic cargoes can include, but are not
limited to peroxisomes, mitochondria, and ubiquitinated
proteins (83, 139, 145).
The selective macroautophagic degradation of peroxi-
somes, termed pexophagy, is important for a majority of the
turnover of peroxisomes under normal growth conditions
(51). For example, in mouse livers, macroautophagy is re-
sponsible for degradation of 70%–80% of the peroxisomal
mass (156). Peroxisomes can also be degraded under
Autophagy
MTORC1PKA
AMPK TSC1/2
CAMKK2 ER stress
Low ATP
Glucose
Amino acids
Growth factors
Oxygen
FIG. 7. Regulation of macroautophagy. Three of the major
kinases that regulate macroautophagy are PKA, AMPK, and
MTORC1. These kinases, along with proteins such as TSC1/2
and CAMKK2/CaMKKb, respond to a variety of intracellular
and extracellular signals to regulate macroautophagy. Green
arrows indicate activation of a target and red bars indicate in-
hibition of a target. See the text for details. This figure was
modified from Figure 4 of Chen and Klionsky (14). PKA,
cAMP-dependent protein kinase A; AMPK, AMP-activated
protein kinase; CAMKK2/CaMKKb, calcium/calmodulin-
dependent protein kinase kinase 2, beta. To see this illustration
in color, the reader is referred to the web version of this article
at www.liebertpub.com/ars
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starvation conditions, during which they can be specifically
recognized by autophagosomes through binding of LC3-II to
PEX14, a component of the peroxisomal translocon complex
found on the peroxisomal membrane (39). Given the role
of peroxisomes in a variety of metabolic functions and the
negative effects of peroxisomal dysfunction on human health,
pexophagy has an important role in maintaining proper cel-
lular physiology (139).
Mitophagy is another type of selective macroautophagy
that involves the selective degradation of mitochondria, and
has been shown to be important in mammals not only for
steady-state turnover of these organelles (137), but also for the
development of certain cell types and the clearance of dam-
aged mitochondria (69, 80, 126). For example, in order for
mammalian red blood cells to mature, mitophagy is used to
remove mitochondria from the immature cells (80, 109, 161).
During this process, it is thought that a mitochondrial outer
membrane protein called BNIP3L/NIX interacts through a
WXXL-like motif (also called the LC3-interacting region) with
LC3 and GABARAP on the expanding phagophore, allowing
for recognition (Fig. 8) (158).
The clearance of damaged mitochondria, however, is
thought to proceed in a slightly different way. In this case, the
cytosolic E3 ubiquitin ligase PARK2/Parkin is recruited to
damaged mitochondria by the mitochondrial outer mem-
brane kinase PINK1, whereupon PARK2 ubiquitinates mito-
chondrial substrates, leading to mitophagy (158). In healthy
mitochondria, PINK1 is imported into the mitochondrial in-
ner membrane, and subsequent cleavage by the mitochondrial
processing peptidase (PMPCB) and presenilin associated,
rhomboid-like protease (PARL) leads to its eventual degra-
dation. This prevents the accumulation of PINK1 on the mi-
tochondrial outer membrane, which would otherwise lead to
mitophagy of healthy mitochondria (61, 98). The genes en-
coding both PINK1 and PARK2 are mutated in autosomal
recessive Parkinson disease (77, 142), emphasizing the im-
portance ofmitophagic clearance of damagedmitochondria in
maintaining cellular and, thus, organismal health.
Another mechanism used by the cell to identify cargo
for selective degradation by macroautophagy involves ubi-
quitination. The ubiquitin-binding protein SQSTM1/p62 tar-
gets intracellular bacteria for degradation by a specific type
of macroautophagy called xenophagy (162). SQSTM1 is
also important for the clearance of ubiquitinated protein ag-
gregates by acting as an adaptor protein that interacts with
LC3-II to target aggregates for macroautophagy-specific
degradation in a process termed aggrephagy (10, 115, 141).
NBR1 andOPTN are other receptors that function in targeting
ubiquitinated proteins or pathogens to autophagosomes
(75, 147).
Conclusions
Given the wide array of extra- and intracellular signals that
can regulate autophagy and the range of possible cargos, it is
not surprising to learn that autophagy has been implicated in
various aspects of human health and pathophysiology. Sev-
eral of these topics will be explored in depth in other reviews
in this Forum series. One area that especially warrants further
study is the regulatory network controlling macroautophagy.
While several key regulators of macroautophagy have been
identified, it is likely that many regulatory factors are not yet
defined. Even in the case of relatively well-characterized
regulators, such as MTORC1, the relevant downstream
targets are not completely known, as is true for most of the
kinases that control macroautophagy, and very little infor-
mation is available with regard to the complementary phos-
phatases. Similarly, the crosstalk among the different
regulatory pathways has not been well elucidated. The
BNIP3L
LC3-II
Mitochondrion
Phagophore
Autophagosome
Phagophore
Autophagosome
PINK1
PARK2
Ubiquitin
Damage
Damaged 
mitochondrion
To lysosome
for degradation
BNIP3L-mediated mitophagy PINK1-PARK2-mediated mitophagy
SQSTM1
FIG. 8. Two mechanisms of mitophagy. Mitochondria are
cleared from maturing red blood cells through a mechanism
involving autophagic recognition of mitochondria through a
BNIP3L–LC3 interaction. During removal of damaged mi-
tochondria, PARK2 binds to PINK1 on the mitochondrial
surface and ubiquitinates mitochondrial outer membrane
proteins, which may then bind SQSTM1, a receptor that in-
teracts with LC3. In either case, the interaction with LC3
leads to sequestration by the phagophore and eventual
degradation. This figure was modified from Figure 2 of
Youle and Narendra (158). To see this illustration in color,
the reader is referred to the web version of this article at
www.liebertpub.com/ars
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identification and characterization of such factors will be
important in the development of therapeutics targeting reg-
ulatory proteins; without a deeper understanding of how the
cell integrates various extracellular and intracellular signals
into a cohesive macroautophagic response, it is difficult to
predict how the regulatory network will function when per-
turbed by therapeutics.
Along these lines, potentially interesting targets for thera-
peutic applications include ULK1/2, ATG3, ATG4, ATG7,
ATG10, and PIK3C3/VPS34. The crystal structures of most of
these proteins have been determined from various organisms
(45, 46, 103, 112, 125, 131, 150), and, importantly, they have
clearly defined functions and functional motifs, making them
interesting targets for rational drug design. Further elucidation
of the individual steps of macroautophagy, additional struc-
tural studies, and amore complete knowledge of the role of this
process in different disease conditions will provide a better
understanding of this integral cellular process, and can guide
the development of improved methods and/or drugs for the
treatment of autophagy defects related to human disease.
References
1. Agarraberes FA and Dice JF. A molecular chaperone
complex at the lysosomal membrane is required for protein
translocation. J Cell Sci 114: 2491–2499, 2001.
2. Alers S, Loffler AS, Wesselborg S, and Stork B. Role of
AMPK-mTOR-Ulk1/2 in the regulation of autophagy: cross
talk, shortcuts, and feedbacks. Mol Cell Biol 32: 2–11, 2012.
3. Arias E and Cuervo AM. Chaperone-mediated autophagy
in protein quality control. Curr Opin Cell Biol 23: 184–189,
2011.
4. Arsham AM, Howell JJ, and Simon MC. A novel hypoxia-
inducible factor-independent hypoxic response regulating
mammalian target of rapamycin and its targets. J Biol Chem
278: 29655–29660, 2003.
5. Atlashkin V, Kreykenbohm V, Eskelinen E-L, Wenzel D,
Fayyazi A, and Fischer von Mollard G. Deletion of the
SNARE vti1b in mice results in the loss of a single SNARE
partner, syntaxin 8. Mol Cell Biol 23: 5198–5207, 2003.
6. Auteri JS, Okada A, Bochaki V, and Dice JF. Regulation of
intracellular protein degradation in IMR-90 human diploid
fibroblasts. J Cell Physiol 115: 167–174, 1983.
7. Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL,
Habermann A, Griffiths G, and Ktistakis NT. Autophago-
some formation from membrane compartments enriched in
phosphatidylinositol 3-phosphate and dynamically con-
nected to the endoplasmic reticulum. J Cell Biol 182: 685–
701, 2008.
8. Bandyopadhyay U, Kaushik S, Varticovski L, and Cuervo
AM. The chaperone-mediated autophagy receptor orga-
nizes in dynamic protein complexes at the lysosomal
membrane. Mol Cell Biol 28: 5747–5763, 2008.
9. Berg TO, Fengsrud M, Stromhaug PE, Berg T, and Seglen
PO. Isolation and characterization of rat liver amphi-
somes. Evidence for fusion of autophagosomes with both
early and late endosomes. J Biol Chem 273: 21883–21892,
1998.
10. Bjørkøy G, Lamark T, Brech A, Outzen H, Perander M,
Øvervatn A, Stenmark H, and Johansen T. p62/SQSTM1
forms protein aggregates degraded by autophagy and has
a protective effect on huntingtin-induced cell death. J Cell
Biol 171: 603–614, 2005.
11. Blancquaert S, Wang L, Paternot S, Coulonval K, Dumont
JE, Harris TE, and Roger PP. cAMP-dependent activation of
mammalian target of rapamycin (mTOR) in thyroid cells.
Implication in mitogenesis and activation of CDK4. Mol
Endocrinol 24: 1453–1468, 2010.
12. Budovskaya YV, Stephan JS, Reggiori F, Klionsky DJ, and
Herman PK. The Ras/cAMP-dependent protein kinase
signaling pathway regulates an early step of the autophagy
process in Saccharomyces cerevisiae. J Biol Chem 279: 20663–
20671, 2004.
13. Burman C and Ktistakis NT. Regulation of autophagy by
phosphatidylinositol 3-phosphate. FEBS Lett 584: 1302–
1312, 2010.
14. Chen Y and Klionsky DJ. The regulation of autophagy—
unanswered questions. J Cell Sci 124: 161–170, 2011.
15. Cherra SJ, III, Kulich SM, Uechi G, Balasubramani M,
Mountzouris J, Day BW, and Chu CT. Regulation of the
autophagy protein LC3 by phosphorylation. J Cell Biol 190:
533–539, 2010.
16. Chiang H-L and Dice JF. Peptide sequences that target
proteins for enhanced degradation during serum with-
drawal. J Biol Chem 263: 6797–6805, 1988.
17. Chiang H-L, Terlecky SR, Plant CP, and Dice JF. A role for a
70-kilodalton heat shock protein in lysosomal degradation
of intracellular proteins. Science 246: 382–385, 1989.
18. Cuervo AM and Dice JF. A receptor for the selective uptake
and degradation of proteins by lysosomes. Science 273: 501–
503, 1996.
19. Cuervo AM and Dice JF. Regulation of lamp2a levels in the
lysosomal membrane. Traffic 1: 570–583, 2000.
20. Cuervo AM and Dice JF. Unique properties of lamp2a
compared to other lamp2 isoforms. J Cell Sci 113 Pt 24:
4441–4450, 2000.
21. Cuervo AM, Hildebrand H, Bomhard EM, and Dice JF.
Direct lysosomal uptake of a2-microglobulin contributes to
chemically induced nephropathy. Kidney Int 55: 529–545,
1999.
22. Cuervo AM, Knecht E, Terlecky SR, and Dice JF. Activation
of a selective pathway of lysosomal proteolysis in rat liver
by prolonged starvation. Am J Physiol 269: C1200–C1208,
1995.
23. Devenish RJ and Klionsky DJ. Autophagy: mechanism and
physiological relevance ‘brewed’ from yeast studies. Front
Biosci (Schol Ed) 4: 1354–1363, 2012.
24. Dice JF. Peptide sequences that target cytosolic proteins
for lysosomal proteolysis. Trends Biochem Sci 15: 305–309,
1990.
25. Ding WX, Ni HM, Gao W, Hou YF, Melan MA, Chen X,
Stolz DB, Shao ZM, and Yin XM. Differential effects of
endoplasmic reticulum stress-induced autophagy on cell
survival. J Biol Chem 282: 4702–4710, 2007.
26. Djouder N, Tuerk RD, Suter M, Salvioni P, Thali RF, Scholz
R, Vaahtomeri K, Auchli Y, Rechsteiner H, Brunisholz RA,
Viollet B, Ma¨kela¨ TP, Wallimann T, Neumann D, and Krek
W. PKA phosphorylates and inactivates AMPKa to pro-
mote efficient lipolysis. EMBO J 29: 469–481, 2010.
27. Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz
RA, Mair W, Vasquez DS, Joshi A, Gwinn DM, Taylor R,
Asara JM, Fitzpatrick J, Dillin A, Viollet B, Kundu M,
Hansen M, and Shaw RJ. Phosphorylation of ULK1
(hATG1) by AMP-activated protein kinase connects energy
sensing to mitophagy. Science 331: 456–461, 2011.
28. Fader CM, Sanchez DG, Mestre MB, and Colombo MI. TI-
VAMP/VAMP7 and VAMP3/cellubrevin: two v-SNARE
468 PARZYCH AND KLIONSKY
proteins involved in specific steps of the autophagy/mul-
tivesicular body pathways. Biochim Biophys Acta 1793:
1901–1916, 2009.
29. Fimia GM, Stoykova A, Romagnoli A, Giunta L, Di Bar-
tolomeo S, Nardacci R, Corazzari M, Fuoco C, Ucar A,
Schwartz P, Gruss P, Piacentini M, Chowdhury K, and
Cecconi F. Ambra1 regulates autophagy and development
of the nervous system. Nature 447: 1121–1125, 2007.
30. Fujita N, Itoh T, Omori H, Fukuda M, Noda T, and Yosh-
imori T. The Atg16L complex specifies the site of LC3 li-
pidation for membrane biogenesis in autophagy. Mol Biol
Cell 19: 2092–2100, 2008.
31. Furuta N, Fujita N, Noda T, Yoshimori T, and Amano A.
Combinational soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptor proteins VAMP8 and
Vti1b mediate fusion of antimicrobial and canonical au-
tophagosomes with lysosomes. Mol Biol Cell 21: 1001–
1010, 2010.
32. Furuya N, Yu J, Byfield M, Pattingre S, and Levine B. The
evolutionarily conserved domain of Beclin 1 is required for
Vps34 binding, autophagy and tumor suppressor function.
Autophagy 1: 46–52, 2005.
33. Ganley IG, Lam du H, Wang J, Ding X, Chen S, and Jiang X.
ULK1$ATG13$FIP200 complex mediates mTOR signal-
ing and is essential for autophagy. J Biol Chem 284: 12297–
12305, 2009.
34. Geng J and Klionsky DJ. The Atg8 and Atg12 ubiquitin-like
conjugation systems in macroautophagy. EMBO Rep 9:
859–864, 2008.
35. Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM,
Mery A, Vasquez DS, Turk BE, and Shaw RJ. AMPK
phosphorylation of raptor mediates a metabolic check-
point. Mol Cell 30: 214–226, 2008.
36. Hailey DW, Rambold AS, Satpute-Krishnan P, Mitra K,
Sougrat R, Kim PK, and Lippincott-Schwartz J. Mitochon-
dria supply membranes for autophagosome biogenesis
during starvation. Cell 141: 656–667, 2010.
37. Hanada T, Noda NN, Satomi Y, Ichimura Y, Fujioka Y,
Takao T, Inagaki F, and Ohsumi Y. The Atg12-Atg5 con-
jugate has a novel E3-like activity for protein lipidation in
autophagy. J Biol Chem 282: 37298–37302, 2007.
38. Hara T, Takamura A, Kishi C, Iemura S, Natsume T, Guan
J-L, and Mizushima N. FIP200, a ULK-interacting protein,
is required for autophagosome formation in mammalian
cells. J Cell Biol 181: 497–510, 2008.
39. Hara-Kuge S and Fujiki Y. The peroxin Pex14p is involved
in LC3-dependent degradation of mammalian peroxi-
somes. Exp Cell Res 314: 3531–3541, 2008.
40. Hardie DG. AMP-activated/SNF1 protein kinases: con-
served guardians of cellular energy. Nat Rev Mol Cell Biol 8:
774–785, 2007.
41. Hayashi-Nishino M, Fujita N, Noda T, Yamaguchi A,
Yoshimori T, and Yamamoto A. A subdomain of the en-
doplasmic reticulum forms a cradle for autophagosome
formation. Nat Cell Biol 11: 1433–1437, 2009.
42. He C, Baba M, Cao Y, and Klionsky DJ. Self-interaction is
critical for Atg9 transport and function at the phagophore
assembly site during autophagy. Mol Biol Cell 19: 5506–
5516, 2008.
43. He C and Klionsky DJ. Regulation mechanisms and sig-
naling pathways of autophagy. Annu Rev Genet 43: 67–
93, 2009.
44. Hemelaar J, Lelyveld VS, Kessler BM, and Ploegh HL. A
single protease, Apg4B, is specific for the autophagy-
related ubiquitin-like proteins GATE-16, MAP1-LC3, GA-
BARAP, and Apg8L. J Biol Chem 278: 51841–51850, 2003.
45. Hong SB, Kim BW, Kim JH, and Song HK. Structure of the
autophagic E2 enzyme Atg10. Acta Crystallogr D Biol
Crystallogr 68: 1409–1417, 2012.
46. Hong SB, Kim BW, Lee KE, Kim SW, Jeon H, Kim J, and
Song HK. Insights into noncanonical E1 enzyme activation
from the structure of autophagic E1 Atg7 with Atg8. Nat
Struct Mol Biol 18: 1323–1330, 2011.
47. Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A,
Miura Y, Iemura S, Natsume T, Takehana K, Yamada
N, Guan J-L, Oshiro N, and Mizushima N. Nutrient-
dependent mTORC1 association with the ULK1-Atg13-
FIP200 complex required for autophagy. Mol Biol Cell 20:
1981–1991, 2009.
48. Hosokawa N, Sasaki T, Iemura S, Natsume T, Hara T,
and Mizushima N. Atg101, a novel mammalian auto-
phagy protein interacting with Atg13. Autophagy 5: 973–
979, 2009.
49. Høyer-Hansen M, Bastholm L, Szyniarowski P, Campa-
nella M, Szabadkai G, Farkas T, Bianchi K, Fehrenbacher N,
Elling F, Rizzuto R, Mathiasen IS, and Ja¨a¨ttela¨ M. Control
of macroautophagy by calcium, calmodulin-dependent ki-
nase kinase-b, and Bcl-2. Mol Cell 25: 193–205, 2007.
50. Huang KM and Snider MD. Isolation of protein glycosyl-
ation mutants in the fission yeast Schizosaccharomyces
pombe. Mol Biol Cell 6: 485–496, 1995.
51. Huybrechts SJ, Van Veldhoven PP, Brees C, Mannaerts GP,
Los GV, and Fransen M. Peroxisome dynamics in cultured
mammalian cells. Traffic 10: 1722–1733, 2009.
52. Ichimura Y, Kirisako T, Takao T, Satomi Y, Shimonishi Y,
Ishihara N, Mizushima N, Tanida I, Kominami E, Ohsumi
M, Noda T, and Ohsumi Y. A ubiquitin-like system medi-
ates protein lipidation. Nature 408: 488–492, 2000.
53. Inoki K, Zhu T, and Guan K-L. TSC2 mediates cellular
energy response to control cell growth and survival. Cell
115: 577–590, 2003.
54. Isakson P, Holland P, and Simonsen A. The role of ALFY in
selective autophagy. Cell Death Differ 20: 12–20, 2013.
55. Itakura E, Kishi C, Inoue K, and Mizushima N. Beclin 1
forms two distinct phosphatidylinositol 3-kinase complexes
with mammalian Atg14 and UVRAG. Mol Biol Cell 19:
5360–5372, 2008.
56. Itakura E, Kishi-Itakura C, and Mizushima N. The hairpin-
type tail-anchored SNARE syntaxin 17 targets to autopha-
gosomes for fusion with endosomes/lysosomes. Cell 151:
1256–1269, 2012.
57. Itakura E and Mizushima N. Characterization of autopha-
gosome formation site by a hierarchical analysis of mam-
malian Atg proteins. Autophagy 6: 764–776, 2010.
58. Itoh T, Fujita N, Kanno E, Yamamoto A, Yoshimori T, and
Fukuda M. Golgi-resident small GTPase Rab33B interacts
with Atg16L and modulates autophagosome formation.
Mol Biol Cell 19: 2916–2925, 2008.
59. Jager S, Bucci C, Tanida I, Ueno T, Kominami E, Saftig P,
and Eskelinen E-L. Role for Rab7 in maturation of late
autophagic vacuoles. J Cell Sci 117: 4837–4848, 2004.
60. Jeffries TR, Dove SK, Michell RH, and Parker PJ. PtdIns-
specific MPR pathway association of a novel WD40 repeat
protein, WIPI49. Mol Biol Cell 15: 2652–2663, 2004.
61. Jin SM, Lazarou M, Wang C, Kane LA, Narendra DP, and
Youle RJ. Mitochondrial membrane potential regulates
PINK1 import and proteolytic destabilization by PARL.
J Cell Biol 191: 933–942, 2010.
OVERVIEW OF AUTOPHAGY 469
62. Jung CH, Jun CB, Ro SH, Kim YM, Otto NM, Cao J, Kundu
M, and Kim DH. ULK-Atg13-FIP200 complexes mediate
mTOR signaling to the autophagy machinery. Mol Biol Cell
20: 1992–2003, 2009.
63. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T,
Noda T, Kominami E, Ohsumi Y, and Yoshimori T. LC3, a
mammalian homologue of yeast Apg8p, is localized in
autophagosome membranes after processing. EMBO J 19:
5720–5728, 2000.
64. Kabeya Y, Mizushima N, Yamamoto A, Oshitani-Okamoto
S, Ohsumi Y, and Yoshimori T. LC3, GABARAP and
GATE16 localize to autophagosomal membrane depending
on form-II formation. J Cell Sci 117: 2805–2812, 2004.
65. Kaushik S, Massey AC, and Cuervo AM. Lysosome mem-
brane lipid microdomains: novel regulators of chaperone-
mediated autophagy. EMBO J 25: 3921–3933, 2006.
66. Kiffin R, Christian C, Knecht E, and Cuervo AM. Activation
of chaperone-mediated autophagy during oxidative stress.
Mol Biol Cell 15: 4829–4840, 2004.
67. Kihara A, Noda T, Ishihara N, and Ohsumi Y. Two distinct
Vps34 phosphatidylinositol 3-kinase complexes function in
autophagy and carboxypeptidase Y sorting in Saccha-
romyces cerevisiae. J Cell Biol 152: 519–530, 2001.
68. Kim E, Goraksha-Hicks P, Li L, Neufeld TP, and Guan K-L.
Regulation of TORC1 by Rag GTPases in nutrient response.
Nat Cell Biol 10: 935–945, 2008.
69. Kim I, Rodriguez-Enriquez S, and Lemasters JJ. Selective
degradation of mitochondria by mitophagy. Arch Biochem
Biophys 462: 245–253, 2007.
70. Kim J, Dalton VM, Eggerton KP, Scott SV, and Klionsky DJ.
Apg7p/Cvt2p is required for the cytoplasm-to-vacuole
targeting, macroautophagy, and peroxisome degradation
pathways. Mol Biol Cell 10: 1337–1351, 1999.
71. Kim J, Kundu M, Viollet B, and Guan K-L. AMPK and
mTOR regulate autophagy through direct phosphorylation
of Ulk1. Nat Cell Biol 13: 132–141, 2011.
72. Kirisako T, Baba M, Ishihara N, Miyazawa K, Ohsumi M,
Yoshimori T, Noda T, and Ohsumi Y. Formation process of
autophagosome is traced with Apg8/Aut7p in yeast. J Cell
Biol 147: 435–446, 1999.
73. Kirisako T, Ichimura Y, Okada H, Kabeya Y, Mizushima N,
Yoshimori T, Ohsumi M, Takao T, Noda T, and Ohsumi Y.
The reversible modification regulates the membrane-
binding state of Apg8/Aut7 essential for autophagy and
the cytoplasm to vacuole targeting pathway. J Cell Biol 151:
263–276, 2000.
74. Kirkin V, Lamark T, Johansen T, and Dikic I. NBR1 coop-
erates with p62 in selective autophagy of ubiquitinated
targets. Autophagy 5: 732–733, 2009.
75. Kirkin V, Lamark T, Sou YS, Bjørkøy G, Nunn JL, Bruun JA,
Shvets E, McEwan DG, Clausen TH, Wild P, Bilusic I,
Theurillat JP, Øvervatn A, Ishii T, Elazar Z, Komatsu M,
Dikic I, and Johansen T. A role for NBR1 in autophagoso-
mal degradation of ubiquitinated substrates. Mol Cell 33:
505–516, 2009.
76. Kirkin V, McEwan DG, Novak I, and Dikic I. A role
for ubiquitin in selective autophagy.Mol Cell 34: 259–269, 2009.
77. Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura
Y, Minoshima S, Yokochi M, Mizuno Y, and Shimizu N.
Mutations in the parkin gene cause autosomal recessive
juvenile parkinsonism. Nature 392: 605–608, 1998.
78. Krick R, Henke S, Tolstrup J, and ThummM. Dissecting the
localization and function of Atg18, Atg21 and Ygr223c.
Autophagy 4: 896–910, 2008.
79. Kuma A, Mizushima N, Ishihara N, and Ohsumi Y. For-
mation of the approximately 350-kDa Apg12-Apg5$Apg16
multimeric complex, mediated by Apg16 oligomerization,
is essential for autophagy in yeast. J Biol Chem 277: 18619–
18625, 2002.
80. Kundu M, Lindsten T, Yang CY, Wu J, Zhao F, Zhang J,
Selak MA, Ney PA, and Thompson CB. Ulk1 plays a critical
role in the autophagic clearance of mitochondria and ri-
bosomes during reticulocyte maturation. Blood 112: 1493–
1502, 2008.
81. Lamark T, Kirkin V, Dikic I, and Johansen T. NBR1 and p62
as cargo receptors for selective autophagy of ubiquitinated
targets. Cell Cycle 8: 1986–1990, 2009.
82. Lee IH and Finkel T. Regulation of autophagy by the p300
acetyltransferase. J Biol Chem 284: 6322–6328, 2009.
83. Lee J, Giordano S, and Zhang J. Autophagy, mitochondria
and oxidative stress: cross-talk and redox signalling. Bio-
chem J 441: 523–540, 2012.
84. Lee JW, Park S, Takahashi Y, and Wang HG. The associa-
tion of AMPK with ULK1 regulates autophagy. PLoS One 5:
e15394, 2010.
85. Liang C, Feng P, Ku B, Dotan I, Canaani D, Oh BH, and
Jung JU. Autophagic and tumour suppressor activity of a
novel Beclin1-binding protein UVRAG. Nat Cell Biol 8: 688–
699, 2006.
86. Liang C, Lee JS, Inn KS, Gack MU, Li Q, Roberts EA,
Vergne I, Deretic V, Feng P, Akazawa C, and Jung JU.
Beclin1-binding UVRAG targets the class C Vps complex to
coordinate autophagosome maturation and endocytic
trafficking. Nat Cell Biol 10: 776–787, 2008.
87. Liang XH, Jackson S, Seaman M, Brown K, Kempkes B,
Hibshoosh H, and Levine B. Induction of autophagy and
inhibition of tumorigenesis by beclin 1. Nature 402: 672–676,
1999.
88. Liang XH, Kleeman LK, Jiang HH, Gordon G, Goldman JE,
Berry G, Herman B, and Levine B. Protection against fatal
Sindbis virus encephalitis by beclin, a novel Bcl-2-interacting
protein. J Virol 72: 8586–8596, 1998.
89. Lum JJ, Bauer DE, Kong M, Harris MH, Li C, Lindsten T,
and Thompson CB. Growth factor regulation of autophagy
and cell survival in the absence of apoptosis. Cell 120: 237–
248, 2005.
90. Mari M, Griffith J, Rieter E, Krishnappa L, Klionsky DJ, and
Reggiori F. An Atg9-containing compartment that func-
tions in the early steps of autophagosome biogenesis. J Cell
Biol 190: 1005–1022, 2010.
91. Marin˜o G, Urı´a JA, Puente XS, Quesada V, Bordallo J,
and Lo´pez-Otı´n C. Human autophagins, a family of
cysteine proteinases potentially implicated in cell deg-
radation by autophagy. J Biol Chem 278: 3671–3678,
2003.
92. Martinet W, De Meyer GR, Andries L, Herman AG, and
Kockx MM. In situ detection of starvation-induced auto-
phagy. J Histochem Cytochem 54: 85–96, 2006.
93. Marzella L, Ahlberg J, and Glaumann H. In vitro up-
take of particles by lysosomes. Exp Cell Res 129: 460–466,
1980.
94. Marzella L, Ahlberg J, and Glaumann H. Autophagy, het-
erophagy, microautophagy and crinophagy as the means
for intracellular degradation. Virchows Arch B Cell Pathol
Incl Mol Pathol 36: 219–234, 1981.
95. Massey A, Kiffin R, and Cuervo AM. Pathophysiology of
chaperone-mediated autophagy. Int J Biochem Cell Biol 36:
2420–2434, 2004.
470 PARZYCH AND KLIONSKY
96. Matsunaga K, Saitoh T, Tabata K, Omori H, Satoh T,
Kurotori N, Maejima I, Shirahama-Noda K, Ichimura T,
Isobe T, Akira S, Noda T, and Yoshimori T. Two Beclin
1-binding proteins, Atg14L and Rubicon, reciprocally reg-
ulate autophagy at different stages. Nat Cell Biol 11: 385–
396, 2009.
97. Mavrakis M, Lippincott-Schwartz J, Stratakis CA, and
Bossis I. Depletion of type IA regulatory subunit (RIa) of
protein kinase A (PKA) in mammalian cells and tissues
activates mTOR and causes autophagic deficiency. Hum
Mol Genet 15: 2962–2971, 2006.
98. Meissner C, Lorenz H, Weihofen A, Selkoe DJ, and Lem-
berg MK. The mitochondrial intramembrane protease
PARL cleaves human Pink1 to regulate Pink1 trafficking. J
Neurochem 117: 856–867, 2011.
99. Meley D, Bauvy C, Houben-Weerts JH, Dubbelhuis PF,
Helmond MT, Codogno P, and Meijer AJ. AMP-activated
protein kinase and the regulation of autophagic proteolysis.
J Biol Chem 281: 34870–34879, 2006.
100. Mercer CA, Kaliappan A, and Dennis PB. A novel, hu-
man Atg13 binding protein, Atg101, interacts with ULK1
and is essential for macroautophagy. Autophagy 5: 649–662,
2009.
101. Mijaljica D, Prescott M, and Devenish RJ. Microautophagy
in mammalian cells: revisiting a 40-year-old conundrum.
Autophagy 7: 673–682, 2011.
102. Mijaljica D, Prescott M, and Devenish RJ. The intriguing life
of autophagosomes. Int J Mol Sci 13: 3618–3635, 2012.
103. Miller S, Tavshanjian B, Oleksy A, Perisic O, Houseman BT,
Shokat KM, and Williams RL. Shaping development of
autophagy inhibitors with the structure of the lipid kinase
Vps34. Science 327: 1638–1642, 2010.
104. Mizushima N and Klionsky DJ. Protein turnover via au-
tophagy: implications for metabolism. Annu Rev Nutr 27:
19–40, 2007.
105. Mizushima N, Kuma A, Kobayashi Y, Yamamoto A, Mat-
subae M, Takao T, Natsume T, Ohsumi Y, and Yoshimori
T. Mouse Apg16L, a novel WD-repeat protein, targets to
the autophagic isolation membrane with the Apg12-Apg5
conjugate. J Cell Sci 116: 1679–1688, 2003.
106. Mizushima N, Yamamoto A, Hatano M, Kobayashi Y,
Kabeya Y, Suzuki K, Tokuhisa T, Ohsumi Y, and Yoshimori
T. Dissection of autophagosome formation using Apg5-
deficient mouse embryonic stem cells. J Cell Biol 152: 657–
668, 2001.
107. Mizushima N, Yoshimori T, and Ohsumi Y. The role of Atg
proteins in autophagosome formation. Annu Rev Cell Dev
Biol 27: 107–132, 2011.
108. Monastyrska I, Rieter E, Klionsky DJ, and Reggiori F.
Multiple roles of the cytoskeleton in autophagy. Biol Rev
Camb Philos Soc 84: 431–448, 2009.
109. Mortensen M, Ferguson DJ, Edelmann M, Kessler B, Mor-
ten KJ, Komatsu M, and Simon AK. Loss of autophagy in
erythroid cells leads to defective removal of mitochondria
and severe anemia in vivo. Proc Natl Acad Sci U S A 107:
832–837, 2010.
110. Nair U, Jotwani A, Geng J, Gammoh N, Richerson D, Yen
W-L, Griffith J, Nag S, Wang K, Moss T, Baba M, McNew
JA, Jiang X, Reggiori F, Melia TJ, and Klionsky DJ. SNARE
proteins are required for macroautophagy. Cell 146: 290–
302, 2011.
111. Nair U, Yen W-L, Mari M, Cao Y, Xie Z, Baba M, Reggiori
F, and Klionsky DJ. A role for Atg8-PE deconjugation in
autophagosome biogenesis. Autophagy 8: 780–793, 2012.
112. Noda NN, Satoo K, Fujioka Y, Kumeta H, Ogura K, Na-
katogawa H, Ohsumi Y, and Inagaki F. Structural basis of
Atg8 activation by a homodimeric E1, Atg7. Mol Cell 44:
462–475, 2011.
113. Ohsumi Y. Molecular dissection of autophagy: two ubi-
quitin-like systems. Nat Rev Mol Cell Biol 2: 211–216, 2001.
114. Orenstein SJ and Cuervo AM. Chaperone-mediated au-
tophagy: molecular mechanisms and physiological rele-
vance. Semin Cell Dev Biol 21: 719–726, 2010.
115. Øverbye A, Fengsrud M, and Seglen PO. Proteomic anal-
ysis of membrane-associated proteins from rat liver au-
tophagosomes. Autophagy 3: 300–322, 2007.
116. Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, Mizushima
N, Packer M, Schneider MD, and Levine B. Bcl-2 anti-
apoptotic proteins inhibit Beclin 1-dependent autophagy.
Cell 122: 927–939, 2005.
117. Pfeifer U. Inhibition by insulin of the formation of autop-
hagic vacuoles in rat liver. A morphometric approach to the
kinetics of intracellular degradation by autophagy. J Cell
Biol 78: 152–167, 1978.
118. Polson HE, de Lartigue J, Rigden DJ, Reedijk M, Urbe S,
Clague MJ, and Tooze SA. Mammalian Atg18 (WIPI2) lo-
calizes to omegasome-anchored phagophores and posi-
tively regulates LC3 lipidation. Autophagy 6: 506–522, 2010.
119. Proikas-Cezanne T, Waddell S, Gaugel A, Frickey T, Lupas
A, and Nordheim A. WIPI-1a (WIPI49), a member of the
novel 7-bladed WIPI protein family, is aberrantly expressed
in human cancer and is linked to starvation-induced au-
tophagy. Oncogene 23: 9314–9325, 2004.
120. Ravikumar B, Moreau K, Jahreiss L, Puri C, and Ru-
binsztein DC. Plasma membrane contributes to the forma-
tion of pre-autophagosomal structures. Nat Cell Biol 12:
747–757, 2010.
121. Ravikumar B, Moreau K, and Rubinsztein DC. Plasma
membrane helps autophagosomes grow. Autophagy 6:
1184–1186, 2010.
122. Reggiori F, Tucker KA, Stromhaug PE, and Klionsky DJ.
The Atg1-Atg13 complex regulates Atg9 and Atg23 re-
trieval transport from the pre-autophagosomal structure.
Dev Cell 6: 79–90, 2004.
123. Sahu R, Kaushik S, Clement CC, Cannizzo ES, Scharf B,
Follenzi A, Potolicchio I, Nieves E, Cuervo AM, and San-
tambrogio L. Microautophagy of cytosolic proteins by late
endosomes. Dev Cell 20: 131–139, 2011.
124. Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen
CC, Bar-Peled L, and Sabatini DM. The Rag GTPases bind
raptor and mediate amino acid signaling to mTORC1.
Science 320: 1496–1501, 2008.
125. Satoo K, Noda NN, Kumeta H, Fujioka Y, Mizushima N,
Ohsumi Y, and Inagaki F. The structure of Atg4B-LC3
complex reveals the mechanism of LC3 processing and
delipidation during autophagy. EMBO J 28: 1341–1350,
2009.
126. Schweers RL, Zhang J, Randall MS, Loyd MR, Li W, Dorsey
FC, Kundu M, Opferman JT, Cleveland JL, Miller JL, and
Ney PA. NIX is required for programmed mitochondrial
clearance during reticulocyte maturation. Proc Natl Acad Sci
U S A 104: 19500–19505, 2007.
127. Schworer CM, Shiffer KA, and Mortimore GE. Quantitative
relationship between autophagy and proteolysis during
graded amino acid deprivation in perfused rat liver. J Biol
Chem 256: 7652–7658, 1981.
128. Shang L, Chen S, Du F, Li S, Zhao L, and Wang X. Nutrient
starvation elicits an acute autophagic response medi-
OVERVIEW OF AUTOPHAGY 471
ated by Ulk1 dephosphorylation and its subsequent
dissociation from AMPK. Proc Natl Acad Sci U S A 108:
4788–4793, 2011.
129. Shintani T, Mizushima N, Ogawa Y, Matsuura A, Noda T,
and Ohsumi Y. Apg10p, a novel protein-conjugating en-
zyme essential for autophagy in yeast. EMBO J 18: 5234–
5241, 1999.
130. Stephan JS, Yeh YY, Ramachandran V, Deminoff SJ, and
Herman PK. The Tor and cAMP-dependent protein kinase
signaling pathways coordinately control autophagy in
Saccharomyces cerevisiae. Autophagy 6: 294–295, 2010.
131. Sugawara K, Suzuki NN, Fujioka Y, Mizushima N, Ohsumi
Y, and Inagaki F. Structural basis for the specificity and
catalysis of human Atg4B responsible for mammalian au-
tophagy. J Biol Chem 280: 40058–40065, 2005.
132. Sun Q, Fan W, Chen K, Ding X, Chen S, and Zhong Q.
Identification of Barkor as a mammalian autophagy-
specific factor for Beclin 1 and class III phosphatidylinositol
3-kinase. Proc Natl Acad Sci U S A 105: 19211–19216, 2008.
133. Takahashi Y, Coppola D, Matsushita N, Cualing HD, Sun
M, Sato Y, Liang C, Jung JU, Cheng JQ, Mule JJ, Pledger WJ,
and Wang HG. Bif-1 interacts with Beclin 1 through
UVRAG and regulates autophagy and tumorigenesis. Nat
Cell Biol 9: 1142–1151, 2007.
134. Takahashi Y, Meyerkord CL, Hori T, Runkle K, Fox TE,
Kester M, Loughran TP, and Wang HG. Bif-1 regulates
Atg9 trafficking by mediating the fission of Golgi mem-
branes during autophagy. Autophagy 7: 61–73, 2011.
135. Takahashi Y, Meyerkord CL, and Wang HG. Bif-1/en-
dophilin B1: a candidate for crescent driving force in au-
tophagy. Cell Death Differ 16: 947–955, 2009.
136. Takeshige K, Baba M, Tsuboi S, Noda T, and Ohsumi Y.
Autophagy in yeast demonstrated with proteinase-
deficient mutants and conditions for its induction. J Cell Biol
119: 301–311, 1992.
137. Tal R, Winter G, Ecker N, Klionsky DJ, and Abeliovich H.
Aup1p, a yeast mitochondrial protein phosphatase homo-
log, is required for efficient stationary phase mitophagy
and cell survival. J Biol Chem 282: 5617–5624, 2007.
138. Tanida I, Minematsu-Ikeguchi N, Ueno T, and Kominami
E. Lysosomal turnover, but not a cellular level, of endog-
enous LC3 is a marker for autophagy. Autophagy 1: 84–91,
2005.
139. Till A, Lakhani R, Burnett SF, and Subramani S. Pex-
ophagy: the selective degradation of peroxisomes. Int J Cell
Biol 2012: 512721, 2012.
140. Tooze J, Hollinshead M, Ludwig T, Howell K, Hoflack B,
and Kern H. In exocrine pancreas, the basolateral endocytic
pathway converges with the autophagic pathway imme-
diately after the early endosome. J Cell Biol 111: 329–345,
1990.
141. Vadlamudi RK, Joung I, Strominger JL, and Shin J. p62, a
phosphotyrosine-independent ligand of the SH2 domain of
p56lck, belongs to a new class of ubiquitin-binding proteins.
J Biol Chem 271: 20235–20237, 1996.
142. Valente EM, Abou-Sleiman PM, Caputo V, Muqit MM,
Harvey K, Gispert S, Ali Z, Del Turco D, Bentivoglio AR,
Healy DG, Albanese A, Nussbaum R, Gonzalez-
Maldonado R, Deller T, Salvi S, Cortelli P, Gilks WP, Latch-
man DS, Harvey RJ, Dallapiccola B, Auburger G, and Wood
NW. Hereditary early-onset Parkinson’s disease caused by
mutations in PINK1. Science 304: 1158–1160, 2004.
143. Wang Z, Wilson WA, Fujino MA, and Roach PJ. Antag-
onistic controls of autophagy and glycogen accumulation
by Snf1p, the yeast homolog of AMP-activated protein ki-
nase, and the cyclin-dependent kinase Pho85p.Mol Cell Biol
21: 5742–5752, 2001.
144. Webber JL and Tooze SA. Coordinated regulation of au-
tophagy by p38a MAPK through mAtg9 and p38IP. EMBO
J 29: 27–40, 2010.
145. Weidberg H, Shvets E, and Elazar Z. Biogenesis and cargo
selectivity of autophagosomes. Annu Rev Biochem 80: 125–
156, 2011.
146. Weidberg H, Shvets E, Shpilka T, Shimron F, Shinder V,
and Elazar Z. LC3 and GATE-16/GABARAP subfamilies
are both essential yet act differently in autophagosome
biogenesis. EMBO J 29: 1792–1802, 2010.
147. Wild P, Farhan H, McEwan DG, Wagner S, Rogov VV,
Brady NR, Richter B, Korac J, Waidmann O, Choudhary C,
Dotsch V, Bumann D, and Dikic I. Phosphorylation of the
autophagy receptor optineurin restricts Salmonella growth.
Science 333: 228–233, 2011.
148. Wirawan E, Vanden Berghe T, Lippens S, Agostinis P, and
Vandenabeele P. Autophagy: for better or for worse. Cell
Res 22: 43–61, 2012.
149. Xie Z, Nair U, and Klionsky DJ. Atg8 controls phagophore
expansion during autophagosome formation. Mol Biol Cell
19: 3290–3298, 2008.
150. Yamada Y, Suzuki NN, Hanada T, Ichimura Y, Kumeta H,
Fujioka Y, Ohsumi Y, and Inagaki F. The crystal structure
of Atg3, an autophagy-related ubiquitin carrier protein (E2)
enzyme that mediates Atg8 lipidation. J Biol Chem 282:
8036–8043, 2007.
151. Yan Y, Flinn RJ, Wu H, Schnur RS, and Backer JM. hVps15,
but not Ca2 +/CaM, is required for the activity and regu-
lation of hVps34 in mammalian cells. Biochem J 417: 747–
755, 2009.
152. Yang Z and Klionsky DJ. An overview of the molecular
mechanism of autophagy. Curr Top Microbiol Immunol 335:
1–32, 2009.
153. Yang Z and Klionsky DJ. Eaten alive: a history of macro-
autophagy. Nat Cell Biol 12: 814–822, 2010.
154. Yang Z and Klionsky DJ. Mammalian autophagy: core
molecular machinery and signaling regulation. Curr Opin
Cell Biol 22: 124–131, 2010.
155. Yla¨-Anttila P, Vihinen H, Jokitalo E, and Eskelinen E-L. 3D
tomography reveals connections between the phagophore
and endoplasmic reticulum. Autophagy 5: 1180–1185, 2009.
156. Yokota S and Dariush Fahimi H. Degradation of ex-
cess peroxisomes in mammalian liver cells by autophagy
and other mechanisms. Histochem Cell Biol 131: 455–458,
2009.
157. Yorimitsu T and Klionsky DJ. Autophagy: molecular ma-
chinery for self-eating. Cell Death Differ 12: 1542–1552, 2005.
158. Youle RJ and Narendra DP. Mechanisms of mitophagy. Nat
Rev Mol Cell Biol 12: 9–14, 2011.
159. Young ARJ, Chan EYW, Hu XW, Ko¨chl R, Crawshaw SG,
High S, Hailey DW, Lippincott-Schwartz J, and Tooze SA.
Starvation and ULK1-dependent cycling of mammalian
Atg9 between the TGN and endosomes. J Cell Sci 119: 3888–
3900, 2006.
160. Zeng X, Overmeyer JH, and Maltese WA. Functional
specificity of the mammalian Beclin-Vps34 PI 3-kinase
complex in macroautophagy versus endocytosis and lyso-
somal enzyme trafficking. J Cell Sci 119: 259–270, 2006.
161. Zhang J, Randall MS, Loyd MR, Dorsey FC, Kundu M,
Cleveland JL, and Ney PA. Mitochondrial clearance is
regulated by Atg7-dependent and -independent mecha-
472 PARZYCH AND KLIONSKY
nisms during reticulocyte maturation. Blood 114: 157–164,
2009.
162. Zheng YT, Shahnazari S, Brech A, Lamark T, Johansen T,
and Brumell JH. The adaptor protein p62/SQSTM1 targets
invading bacteria to the autophagy pathway. J Immunol
183: 5909–5916, 2009.
163. Zhong Y, Wang QJ, Li X, Yan Y, Backer JM, Chait BT,
Heintz N, and Yue Z. Distinct regulation of autophagic
activity by Atg14L and Rubicon associated with Beclin
1-phosphatidylinositol-3-kinase complex. Nat Cell Biol 11:
468–476, 2009.
Address correspondence to:
Prof. Daniel J. Klionsky
Life Sciences Institute
Department of Molecular, Cellular and Developmental Biology
University of Michigan
Ann Arbor, MI 48109-2216
E-mail: klionsky@umich.edu
Date of first submission to ARS Central, April 15, 2013; date of
final revised submission, May 21, 2013; date of acceptance,
June 2, 2013.
Abbreviations Used
AMPK¼AMP-activated protein kinase
ATG¼ autophagy-related
CAMKK2/CaMKKb¼ calcium/calmodulin-dependent
protein kinase kinase 2, beta
CMA¼ chaperone-mediated autophagy
ER¼ endoplasmic reticulum
HSPA8¼heat shock 70kDa protein 8
LAMP2A¼ lysosomal-associated membrane
protein 2A
MTORC1¼mechanistic target of rapamycin
complex 1
PAS¼phagophore assembly site
PE¼phosphatidylethanolamine
PKA¼ cAMP-dependent protein kinase A
PtdIns3K¼phosphatidylinositol 3-kinase
RB1CC1¼RB1-inducible coiled-coil 1
TVC¼ tubulovesicular cluster
UBL¼ubiquitin-like
ULK¼unc-51-like kinase (C. elegans)
UPR¼unfolded protein response
ZFYVE1¼ zinc finger, FYVE domain
containing 1
OVERVIEW OF AUTOPHAGY 473
This article has been cited by:
1. J.C. Davila, S. Levin, Z.A. Radi. Cell Injury and Necrosis 404-449. [Crossref]
2. Wei Jia, Ian McLeod, Ming-Xiao He, You-Wen He. The Role of Macroautophagy in T Cells 23-33. [Crossref]
3. Myosotys Rodriguez, Jessica Lapierre, Chet Raj Ojha, Ajeet Kaushik, Elena Batrakova, Fatah Kashanchi, Seth M. Dever,
Madhavan Nair, Nazira El-Hage. 2017. Intranasal drug delivery of small interfering RNA targeting Beclin1 encapsulated with
polyethylenimine (PEI) in mouse brain to achieve HIV attenuation. Scientific Reports 7:1. . [Crossref]
4. Ji-Soo Kim, Jimin Park, Mi-Sun Kim, Ji-Young Ha, Ye-Won Jang, Dong Hae Shin, Jin H. Son. 2017. The Tnfaip8-PE complex
is a novel upstream effector in the anti-autophagic action of insulin. Scientific Reports 7:1. . [Crossref]
5. Brijesh Kumar Singh, Rohit Anthony Sinha, Kenji Ohba, Paul Michael Yen. 2017. Role of thyroid hormone in hepatic gene
regulation, chromatin remodeling, and autophagy. Molecular and Cellular Endocrinology 458, 160-168. [Crossref]
6. Douglas J. Taatjes, Jürgen Roth. 2017. In focus in HCB. Histochemistry and Cell Biology 148:5, 473-475. [Crossref]
7. Anna S. Gukovskaya, Ilya Gukovsky, Hana Algül, Aida Habtezion. 2017. Autophagy, Inflammation, and Immune Dysfunction in
the Pathogenesis of Pancreatitis. Gastroenterology 153:5, 1212-1226. [Crossref]
8. Lauren P. Wills. 2017. The use of high-throughput screening techniques to evaluate mitochondrial toxicity. Toxicology 391,
34-41. [Crossref]
9. J Manent, S Banerjee, R de Matos Simoes, T Zoranovic, C Mitsiades, J M Penninger, K J Simpson, P O Humbert, H E
Richardson. 2017. Autophagy suppresses Ras-driven epithelial tumourigenesis by limiting the accumulation of reactive oxygen
species. Oncogene 36:40, 5576-5592. [Crossref]
10. Marco Fidaleo, Virve Cavallucci, Giovambattista Pani. 2017. Nutrients, neurogenesis and brain ageing: From disease mechanisms
to therapeutic opportunities. Biochemical Pharmacology 141, 63-76. [Crossref]
11. Xiaoyong Zhi, Wenzhi Feng, Yueguang Rong, Rong Liu. 2017. Anatomy of autophagy: from the beginning to the end. Cellular
and Molecular Life Sciences 76. . [Crossref]
12. Fan Zhou, Shenshen Zou, Yong Chen, Zhanna Lipatova, Dan Sun, Xiaolong Zhu, Rui Li, Zulin Wu, Weiming You, Xiaoxia
Cong, Yiting Zhou, Zhiping Xie, Valeriya Gyurkovska, Yutao Liu, Qunli Li, Wenjing Li, Jie Cheng, Yongheng Liang, Nava Segev.
2017. A Rab5 GTPase module is important for autophagosome closure. PLOS Genetics 13:9, e1007020. [Crossref]
13. Arshad Khan, Chinnaswamy Jagannath. 2017. Analysis of host-pathogen modulators of autophagy during Mycobacterium
Tuberculosis infection and therapeutic repercussions. International Reviews of Immunology 36:5, 271-286. [Crossref]
14. Giuseppe Grasso, Anna Maria Santoro, Valeria Lanza, Diego Sbardella, Grazia Raffaella Tundo, Chiara Ciaccio, Stefano Marini,
Massimo Coletta, Danilo Milardi. 2017. The double faced role of copper in Aβ homeostasis: A survey on the interrelationship
between metal dyshomeostasis, UPS functioning and autophagy in neurodegeneration. Coordination Chemistry Reviews 347, 1-22.
[Crossref]
15. Sophia Havaki, Vassiliki Vlachou, Christos Zampetidis, Platonas Selemenakis, Athanassios Kotsinas, Eleni Mavrogonatou,
Sophia Rizou, Euthymios Kyrodimos, Konstantinos Evangelou, Dimitris Kletsas, Alexandra Giatromanolaki, Vassilis Gorgoulis.
2017. Monitoring Autophagy Immunohistochemically and Ultrastructurally during Human Head and Neck Carcinogenesis.
Relationship with the DNA Damage Response Pathway. International Journal of Molecular Sciences 18:9, 1920. [Crossref]
16. Melissa Nassif, Ute Woehlbier, Patricio A. Manque. 2017. The Enigmatic Role of C9ORF72 in Autophagy. Frontiers in
Neuroscience 11. . [Crossref]
17. Qiuli Fu, Danni Lyu, Lifang Zhang, Zhenwei Qin, Qiaomei Tang, Houfa Yin, Xiaoming Lou, Zhijian Chen, Ke Yao. 2017.
Airborne particulate matter (PM2.5) triggers autophagy in human corneal epithelial cell line. Environmental Pollution 227,
314-322. [Crossref]
18. Myosotys Rodriguez, Jessica Lapierre, Chet Ojha, Hary Estrada-Bueno, Seth Dever, David Gewirtz, Fatah Kashanchi, Nazira El-
Hage. 2017. Importance of Autophagy in Mediating Human Immunodeficiency Virus (HIV) and Morphine-Induced Metabolic
Dysfunction and Inflammation in Human Astrocytes. Viruses 9:8, 201. [Crossref]
19. Juha M.T. Hyttinen, Janusz Błasiak, Minna Niittykoski, Kati Kinnunen, Anu Kauppinen, Antero Salminen, Kai Kaarniranta.
2017. DNA damage response and autophagy in the degeneration of retinal pigment epithelial cells—Implications for age-related
macular degeneration (AMD). Ageing Research Reviews 36, 64-77. [Crossref]
20. Elisabeth St?rner, Christian Behl. 2017. The Role of the Multifunctional BAG3 Protein in Cellular Protein Quality Control and
in Disease. Frontiers in Molecular Neuroscience 10. . [Crossref]
21. Manlio Di Cristina, Zhicheng Dou, Matteo Lunghi, Geetha Kannan, My-Hang Huynh, Olivia L. McGovern, Tracey L. Schultz,
Aric J. Schultz, Alyssa J. Miller, Beth M. Hayes, Wouter van der Linden, Carla Emiliani, Matthew Bogyo, S?bastien Besteiro,
Isabelle Coppens, Vern B. Carruthers. 2017. Toxoplasma depends on lysosomal consumption of autophagosomes for persistent
infection. Nature Microbiology 2, 17096. [Crossref]
22. Panagiotis Tsapras, Ioannis P Nezis. 2017. Caspase involvement in autophagy. Cell Death and Differentiation 31. . [Crossref]
23. Kati Juuti-Uusitalo, Ali Koskela, Niko Kivinen, Johanna Viiri, Juha Hyttinen, Mika Reinisalo, Arto Koistinen, Hannu Uusitalo,
Debasish Sinha, Heli Skottman, Kai Kaarniranta. 2017. Autophagy Regulates Proteasome Inhibitor-Induced Pigmentation in
Human Embryonic Stem Cell-Derived Retinal Pigment Epithelial Cells. International Journal of Molecular Sciences 18:6, 1089.
[Crossref]
24. Feng Li, Liang-De Zheng, Xin Chen, Xiaolu Zhao, Scott D. Briggs, Hai-Ning Du. 2017. Gcn5-mediated Rph1 acetylation
regulates its autophagic degradation under DNA damage stress. Nucleic Acids Research 45:9, 5183-5197. [Crossref]
25. Mansour Haidar, Vincent Timmerman. 2017. Autophagy as an Emerging Common Pathomechanism in Inherited Peripheral
Neuropathies. Frontiers in Molecular Neuroscience 10. . [Crossref]
26. . Intrazellulärer Membranverkehr 785-851. [Crossref]
27. Arnold Y Seo, Pick-Wei Lau, Daniel Feliciano, Prabuddha Sengupta, Mark A Le Gros, Bertrand Cinquin, Carolyn A Larabell,
Jennifer Lippincott-Schwartz. 2017. AMPK and vacuole-associated Atg14p orchestrate μ-lipophagy for energy production and
long-term survival under glucose starvation. eLife 6. . [Crossref]
28. Shaun H. Speldewinde, Victoria A. Doronina, Mick F. Tuite, Chris M. Grant. 2017. Disrupting the cortical actin cytoskeleton
points to two distinct mechanisms of yeast [PSI+] prion formation. PLOS Genetics 13:4, e1006708. [Crossref]
29. Haiying Li, Jiang Wu, Haitao Shen, Xiyang Yao, Chenglin Liu, S. Pianta, J. Han, C.V. Borlongan, Gang Chen. 2017. Autophagy
in hemorrhagic stroke: Mechanisms and clinical implications. Progress in Neurobiology . [Crossref]
30. Jessica A Williams, Katrina Zhao, Shengkan Jin, Wen-Xing Ding. 2017. New methods for monitoring mitochondrial biogenesis
and mitophagy in vitro and in vivo. Experimental Biology and Medicine 242:8, 781-787. [Crossref]
31. Bor Luen Tang. 2017. Sec16 in conventional and unconventional exocytosis: Working at the interface of membrane traffic and
secretory autophagy?. Journal of Cellular Physiology 276. . [Crossref]
32. Aleksandar Pantovic, Katarina Arsikin, Milica Kosic, Biljana Ristic, Vladimir Trajkovic, Ljubica Harhaji-Trajkovic. 2017. Data
supporting the inability of indomethacin to induce autophagy in U251 glioma cells. Data in Brief 11, 225-230. [Crossref]
33. Claudio Bussi, Javier Maria Peralta Ramos, Daniela S. Arroyo, Emilia A. Gaviglio, Jose Ignacio Gallea, Ji Ming Wang, Maria
Soledad Celej, Pablo Iribarren. 2017. Autophagy down regulates pro-inflammatory mediators in BV2 microglial cells and rescues
both LPS and alpha-synuclein induced neuronal cell death. Scientific Reports 7, 43153. [Crossref]
34. Myosotys Rodriguez, Ajeet Kaushik, Jessica Lapierre, Seth M. Dever, Nazira El-Hage, Madhavan Nair. 2017. Electro-Magnetic
Nano-Particle Bound Beclin1 siRNA Crosses the Blood–Brain Barrier to Attenuate the Inflammatory Effects of HIV-1 Infection
in Vitro. Journal of Neuroimmune Pharmacology 12:1, 120-132. [Crossref]
35. Trent D. Evans, Ismail Sergin, Xiangyu Zhang, Babak Razani. 2017. Target acquired: Selective autophagy in cardiometabolic
disease. Science Signaling 10:468, eaag2298. [Crossref]
36. Ruslan Al-Ali, Javier Fernández-Mateos, Rogelio González-Sarmiento. 2017. Association of autophagy gene polymorphisms with
lung cancer. Gene Reports . [Crossref]
37. Ana Mesquita, Elena Cardenal-Muñoz, Eunice Dominguez, Sandra Muñoz-Braceras, Beatriz Nuñez-Corcuera, Ben A. Phillips,
Luis C. Tábara, Qiuhong Xiong, Roberto Coria, Ludwig Eichinger, Pierre Golstein, Jason S. King, Thierry Soldati, Olivier
Vincent, Ricardo Escalante. 2017. Autophagy in Dictyostelium : Mechanisms, regulation and disease in a simple biomedical model.
Autophagy 13:1, 24-40. [Crossref]
38. Bangqing Yuan, Hanchao Shen, Li Lin, Tonggang Su, Lina Zhong, Zhao Yang. 2017. Autophagy Promotes Microglia Activation
Through Beclin-1-Atg5 Pathway in Intracerebral Hemorrhage. Molecular Neurobiology 54:1, 115-124. [Crossref]
39. P.A. Lewis, M. Perez-Carrion, G. Piccoli. Autophagy 179-206. [Crossref]
40. Dorothé Jenni Eisermann, Uwe Wenzel, Elena Fitzenberger. 2017. Inhibition of chaperone-mediated autophagy prevents
glucotoxicity in the Caenorhabditis elegans mev-1 mutant by activation of the proteasome. Biochemical and Biophysical Research
Communications . [Crossref]
41. Claudia Manzoni, Patrick A. Lewis. LRRK2 and Autophagy 89-105. [Crossref]
42. Mirjana Sumarac-Dumanovic, Milica Apostolovic, Kristina Janjetovic, Danka Jeremic, Dusan Popadic, Aleksandar Ljubic,
Jelena Micic, Jelena Dukanac-Stamenkovic, Aleksandra Tubic, Darko Stevanovic, Dragan Micic, Vladimir Trajkovic. 2017.
Downregulation of autophagy gene expression in endometria from women with polycystic ovary syndrome. Molecular and Cellular
Endocrinology 440, 116-124. [Crossref]
43. Claudia Ntsapi, Dumisile Lumkwana, Chrisna Swart, Andre du Toit, Ben Loos. New Insights Into Autophagy Dysfunction
Related to Amyloid Beta Toxicity and Neuropathology in Alzheimer's Disease . [Crossref]
44. Ting-ting Qu, Jie-xin Deng, Rui-ling Li, Zhan-jun Cui, Xiao-qing Wang, Lai Wang, Jin-bo Deng. 2017. Stress injuries and
autophagy in mouse hippocampus after chronic cold exposure. Neural Regeneration Research 12:3, 440. [Crossref]
45. Zhanna Lipatova, Nava Segev. ER-Phagy in Starvation, ER Stress, and Quality Control 251-260. [Crossref]
46. Andjelka M. Isakovic, Marija Dulovic, Ivanka Markovic, Tamara Kravic-Stevovic, Vladimir Bumbasirevic, Vladimir Trajkovic,
Aleksandra Isakovic. 2017. Autophagy suppression sensitizes glioma cells to IMP dehydrogenase inhibition-induced apoptotic
death. Experimental Cell Research 350:1, 32-40. [Crossref]
47. Liang Ji, Le Li, Fengzhi Qu, Guangquan Zhang, Yongwei Wang, Xuewei Bai, Shangha Pan, Dongbo Xue, Gang Wang, Bei
Sun. 2016. Hydrogen sulphide exacerbates acute pancreatitis by over-activating autophagy via AMPK/mTOR pathway. Journal
of Cellular and Molecular Medicine 20:12, 2349-2361. [Crossref]
48. R. Santarelli, M. Granato, G. Pentassuglia, V. Lacconi, M. S. Gilardini Montani, R. Gonnella, M. Tafani, M. R. Torrisi, A.
Faggioni, M. Cirone. 2016. KSHV reduces autophagy in THP-1 cells and in differentiating monocytes by decreasing CAST/
calpastatin and ATG5 expression. Autophagy 12:12, 2311-2325. [Crossref]
49. Gu-Choul Shin, Hong Seok Kang, Ah Ram Lee, Kyun-Hwan Kim. 2016. Hepatitis B virus–triggered autophagy targets
TNFRSF10B/death receptor 5 for degradation to limit TNFSF10/TRAIL response. Autophagy 12:12, 2451-2466. [Crossref]
50. Edith Charlier, Biserka Relic, Céline Deroyer, Olivier Malaise, Sophie Neuville, Julie Collée, Michel Malaise, Dominique De Seny.
2016. Insights on Molecular Mechanisms of Chondrocytes Death in Osteoarthritis. International Journal of Molecular Sciences
17:12, 2146. [Crossref]
51. Seyma Demirsoy, Shaun Martin, Hannelore Maes, Patrizia Agostinis. 2016. Adapt, Recycle, and Move on: Proteostasis and
Trafficking Mechanisms in Melanoma. Frontiers in Oncology 6. . [Crossref]
52. A. Licht-Murava, R. Paz, L. Vaks, L. Avrahami, B. Plotkin, M. Eisenstein, H. Eldar-Finkelman. 2016. A unique type of GSK-3
inhibitor brings new opportunities to the clinic. Science Signaling 9:454, ra110-ra110. [Crossref]
53. Aileen R. Ariosa, Daniel J. Klionsky. 2016. Autophagy core machinery: overcoming spatial barriers in neurons. Journal of Molecular
Medicine 94:11, 1217-1227. [Crossref]
54. Volodymyr I. Lushchak. 2016. Time-course and intensity-based classifications of oxidative stresses and their potential application
in biomedical, comparative and environmental research. Redox Report 21:6, 262-270. [Crossref]
55. Matthieu Régnacq, Pierre Voisin, Yann Héchard, Thierry Bergès, Christine Braquart-Varnier, Ascel Samba-Louaka. 2016.
Identification of Atg8 from Acanthamoeba castellanii by genetic complementation in Saccharomyces cerevisiae. Molecular and
Biochemical Parasitology 210:1-2, 55-57. [Crossref]
56. Shenqi Wei, Wei Chen, Jingfang Qin, Yingzi Huangli, Li Wang, Yue Shen, Huang Tang. 2016. Multitarget-directed
oxoisoaporphine derivatives: Anti-acetylcholinesterase, anti-β-amyloid aggregation and enhanced autophagy activity against
Alzheimer’s disease. Bioorganic & Medicinal Chemistry 24:22, 6031-6039. [Crossref]
57. Milica Kosic, Katarina Arsikin-Csordas, Verica Paunovic, Raymond A. Firestone, Biljana Ristic, Aleksandar Mircic, Sasa Petricevic,
Mihajlo Bosnjak, Nevena Zogovic, Milos Mandic, Vladimir Bumbasirevic, Vladimir Trajkovic, Ljubica Harhaji-Trajkovic. 2016.
Synergistic Anticancer Action of Lysosomal Membrane Permeabilization and Glycolysis Inhibition. Journal of Biological Chemistry
291:44, 22936-22948. [Crossref]
58. Yanping Liu, Zhengyu Lu, Mei Cui, Qi Yang, Yuping Tang, Qiang Dong. 2016. Tissue kallikrein protects SH-SY5Y neuronal
cells against oxygen and glucose deprivation-induced injury through bradykinin B2 receptor-dependent regulation of autophagy
induction. Journal of Neurochemistry 139:2, 208-220. [Crossref]
59. Sheng-Fang Wang, Ming-Yue Wu, Cui-Zan Cai, Min Li, Jia-Hong Lu. 2016. Autophagy modulators from traditional Chinese
medicine: Mechanisms and therapeutic potentials for cancer and neurodegenerative diseases. Journal of Ethnopharmacology .
[Crossref]
60. Joseph A. Flores-Toro, Kristina L. Go, Christiaan Leeuwenburgh, Jae-Sung Kim. 2016. Autophagy in the liver: cell’s cannibalism
and beyond. Archives of Pharmacal Research . [Crossref]
61. Christian Behl. 2016. Breaking BAG: The Co-Chaperone BAG3 in Health and Disease. Trends in Pharmacological Sciences 37:8,
672-688. [Crossref]
62. Rong Tian, You Li, Xu Yao. 2016. PGRN Suppresses Inflammation and Promotes Autophagy in Keratinocytes Through the
Wnt/β-Catenin Signaling Pathway. Inflammation 39:4, 1387-1394. [Crossref]
63. Xin Jin, Samuel Starke, Yang Li, Sheetal Sethupathi, George Kung, Paarth Dodhiawala, Yuqi Wang. 2016. Nitrogen Starvation-
induced Phosphorylation of Ras1 Protein and Its Potential Role in Nutrient Signaling and Stress Response. Journal of Biological
Chemistry 291:31, 16231-16239. [Crossref]
64. Ilias V Karagounis, Dimitra Kalamida, Achilleas Mitrakas, Stamatia Pouliliou, Maria V Liousia, Alexandra Giatromanolaki,
Michael I Koukourakis. 2016. Repression of the autophagic response sensitises lung cancer cells to radiation and chemotherapy.
British Journal of Cancer 115:3, 312-321. [Crossref]
65. Huangyan Zhou, Min Yuan, Qiongfang Yu, Xiaoyan Zhou, Weiping Min, Dian Gao. 2016. Autophagy regulation and its role in
gastric cancer and colorectal cancer. Cancer Biomarkers 17:1, 1-10. [Crossref]
66. Lewis Anthony J., Billiar Timothy R., Rosengart Matthew R.. 2016. Biology and Metabolism of Sepsis: Innate Immunity,
Bioenergetics, and Autophagy. Surgical Infections 17:3, 286-293. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF
with Links]
67. Matthew E. Gegg, Anthony H.V. Schapira. 2016. Mitochondrial dysfunction associated with glucocerebrosidase deficiency.
Neurobiology of Disease 90, 43-50. [Crossref]
68. S.E. Wohlgemuth, Y. Ramirez-Lee, S. Tao, A.P.A. Monteiro, B.M. Ahmed, G.E. Dahl. 2016. Short communication : Effect
of heat stress on markers of autophagy in the mammary gland during the dry period. Journal of Dairy Science 99:6, 4875-4880.
[Crossref]
69. Perrine Castets, Stephan Frank, Michael Sinnreich, Markus A. Rüegg. 2016. “Get the Balance Right”: Pathological Significance
of Autophagy Perturbation in Neuromuscular Disorders. Journal of Neuromuscular Diseases 3:2, 127-155. [Crossref]
70. Daniel Papinski, Claudine Kraft. 2016. Regulation of Autophagy By Signaling Through the Atg1/ULK1 Complex. Journal of
Molecular Biology 428:9, 1725-1741. [Crossref]
71. Cheng-Wei Tzeng, Wen-Sheng Tzeng, Liang-Tzung Lin, Chiang-Wen Lee, Feng-Lin Yen, Chun-Ching Lin. 2016. Enhanced
autophagic activity of artocarpin in human hepatocellular carcinoma cells through improving its solubility by a nanoparticle system.
Phytomedicine 23:5, 528-540. [Crossref]
72. Zhiqian Liu, Xiaoqing Wei, Aiqun Zhang, Chonghui Li, Jia Bai, Jiahong Dong. 2016. Long non-coding RNA HNF1A-AS1
functioned as an oncogene and autophagy promoter in hepatocellular carcinoma through sponging hsa-miR-30b-5p. Biochemical
and Biophysical Research Communications 473:4, 1268-1275. [Crossref]
73. Tamaki Bieri, Masayuki Onishi, Tingting Xiang, Arthur R. Grossman, John R Pringle. 2016. Relative Contributions of Various
Cellular Mechanisms to Loss of Algae during Cnidarian Bleaching. PLOS ONE 11:4, e0152693. [Crossref]
74. Ye Gao, Ni Wang, Lidan Liu, Yiming Liu, Jin Zhang. 2016. Relationship between mammalian target of rapamycin and autophagy
in lipopolysaccharide-induced lung injury. Journal of Surgical Research 201:2, 356-363. [Crossref]
75. Mario Rodríguez-Arribas, Elisa Pizarro-Estrella, Rubén Gómez-Sánchez, S. M. S. Yakhine-Diop, Antonio Gragera-Hidalgo,
Alejandro Cristo, Jose M. Bravo-San Pedro, Rosa A. González-Polo, José M. Fuentes. 2016. IFDOTMETER. Journal of
Laboratory Automation 21:2, 246-259. [Crossref]
76. M A Frassanito, K De Veirman, V Desantis, L Di Marzo, D Vergara, S Ruggieri, T Annese, B Nico, E Menu, I Catacchio, R Ria,
V Racanelli, M Maffia, E Angelucci, D Derudas, R Fumarulo, F Dammacco, D Ribatti, K Vanderkerken, A Vacca. 2016. Halting
pro-survival autophagy by TGFβ inhibition in bone marrow fibroblasts overcomes bortezomib resistance in multiple myeloma
patients. Leukemia 30:3, 640-648. [Crossref]
77. J. Liu, J. Debnath. The Evolving, Multifaceted Roles of Autophagy in Cancer 1-53. [Crossref]
78. Matthew Nguyen, Ellen Sidransky, Wendy Westbroek. The Deleterious Duo of Neurodegeneration: Lysosomes and Mitochondria
279-300. [Crossref]
79. R. Shrestha, J. Kaplan, D.M. Ward. Conventional and Secretory Lysosomes 225-234. [Crossref]
80. Rosa A. González-Polo, Elisa Pizarro-Estrella, Sokhna M. S. Yakhine-Diop, Mario Rodríguez-Arribas, Rubén Gómez-Sánchez,
Ignacio Casado-Naranjo, José M. Bravo-San Pedro, José M. Fuentes. The Basics of Autophagy 3-20. [Crossref]
81. Annalisa Nobili, Virve Cavallucci, Marcello D’Amelio. Role of Autophagy in Brain Sculpture: Physiological and Pathological
Implications 203-234. [Crossref]
82. Sujuan Guo, Kevin J. Pridham, Zhi Sheng. Detecting Autophagy and Autophagy Flux in Chronic Myeloid Leukemia Cells Using
a Cyto-ID Fluorescence Spectrophotometric Assay 95-109. [Crossref]
83. Matthias Wiemer, Carolin Grimm, Heinz D. Osiewacz. 8 Molecular Control of Fungal Senescence and Longevity 155-181.
[Crossref]
84. Chunjuan Song, Chunjing Song. Improving the Survival of Mesenchymal Stromal Cells Against Oxidative Stress in
Transplantation 241-255. [Crossref]
85. Sokhna M.S. Yakhine-Diop, Mario Rodríguez-Arribas, Rubén Gómez-Sánchez, Elisa Pizarro-Estrella, Mireia Niso-Santano, Rosa
A. González-Polo, José M. Bravo-San Pedro, José M. Fuentes. G2019S Mutation of LRRK2 Increases Autophagy via MEK/ERK
Pathway 123-142. [Crossref]
86. Insung Na, Fanchi Meng, Lukasz Kurgan, Vladimir N. Uversky. 2016. Autophagy-related intrinsically disordered proteins in
intra-nuclear compartments. Molecular BioSystems 12:9, 2798-2817. [Crossref]
87. S. H. Speldewinde, V. A. Doronina, C. M. Grant. 2015. Autophagy protects against de novo formation of the [PSI+] prion in
yeast. Molecular Biology of the Cell 26:25, 4541-4551. [Crossref]
88. Ojha Rani, Bhattacharyya Shalmoli, Singh Shrawan K.. 2015. Autophagy in Cancer Stem Cells: A Potential Link Between
Chemoresistance, Recurrence, and Metastasis. BioResearch Open Access 4:1, 97-108. [Abstract] [Full Text HTML] [Full Text
PDF] [Full Text PDF with Links]
89. Jessica Williams, Wen-Xing Ding. 2015. A Mechanistic Review of Mitophagy and Its Role in Protection against Alcoholic Liver
Disease. Biomolecules 5:4, 2619-2642. [Crossref]
90. Sibylle Nikolai, Kathrin Pallauf, Patricia Huebbe, Gerald Rimbach. 2015. Energy restriction and potential energy restriction
mimetics. Nutrition Research Reviews 28:02, 100-120. [Crossref]
91. Jessica A. Williams, Wen-Xing Ding. 2015. Targeting Pink1-Parkin-mediated mitophagy for treating liver injury. Pharmacological
Research 102, 264-269. [Crossref]
92. Jessica Williams, Hong-Min Ni, Wen-Xing Ding. Mitochondrial Dynamics, Mitophagy and Mitochondrial Spheroids in Drug-
Induced Liver Injury 237-264. [Crossref]
93. Houda Saadi, Marion Seillier, Alice Carrier. 2015. The stress protein TP53INP1 plays a tumor suppressive role by regulating
metabolic homeostasis. Biochimie 118, 44-50. [Crossref]
94. Olga A. Mareninova, Matthias Sendler, Sudarshan Ravi Malla, Iskandar Yakubov, Samuel W. French, Elmira Tokhtaeva, Olga
Vagin, Viola Oorschot, Renate Lüllmann-Rauch, Judith Blanz, David Dawson, Judith Klumperman, Markus M. Lerch, Julia
Mayerle, Ilya Gukovsky, Anna S. Gukovskaya. 2015. Lysosome-Associated Membrane Proteins (LAMP) Maintain Pancreatic
Acinar Cell Homeostasis: LAMP-2–Deficient Mice Develop Pancreatitis. Cellular and Molecular Gastroenterology and Hepatology
1:6, 678-694. [Crossref]
95. Valerie Uytterhoeven, Elsa Lauwers, Ine Maes, Katarzyna Miskiewicz, Manuel N. Melo, Jef Swerts, Sabine Kuenen, Rafaël Wittocx,
Nikky Corthout, Siewert-Jan Marrink, Sebastian Munck, Patrik Verstreken. 2015. Hsc70-4 Deforms Membranes to Promote
Synaptic Protein Turnover by Endosomal Microautophagy. Neuron 88:4, 735-748. [Crossref]
96. Gabriella Teti, Giovanna Orsini, Viviana Salvatore, Stefano Focaroli, Maria C. Mazzotti, Alessandra Ruggeri, Monica Mattioli-
Belmonte, Mirella Falconi. 2015. HEMA but not TEGDMA induces autophagy in human gingival fibroblasts. Frontiers in
Physiology 6. . [Crossref]
97. Alexandra Giatromanolaki, Dimitra Kalamida, Efthimios Sivridis, Ilias V. Karagounis, Kevin C. Gatter, Adrian L. Harris, Michael
I. Koukourakis. 2015. Increased expression of transcription factor EB (TFEB) is associated with autophagy, migratory phenotype
and poor prognosis in non-small cell lung cancer. Lung Cancer 90:1, 98-105. [Crossref]
98. Ana Mesquita, Luis C. Tábara, Oscar Martinez-Costa, Natalia Santos-Rodrigo, Olivier Vincent, Ricardo Escalante. 2015.
Dissecting the function of Atg1 complex in Dictyostelium autophagy reveals a connection with the pentose phosphate pathway
enzyme transketolase. Open Biology 5:8, 150088. [Crossref]
99. Zhanna Lipatova, Nava Segev. 2015. A Role for Macro-ER-Phagy in ER Quality Control. PLOS Genetics 11:7, e1005390.
[Crossref]
100. Eduardo Cremonese Filippi-Chiela, Mardja Manssur Bueno e Silva, Marcos Paulo Thomé, Guido Lenz. 2015. Single-cell analysis
challenges the connection between autophagy and senescence induced by DNA damage. Autophagy 11:7, 1099-1113. [Crossref]
101. Hesso Farhan. 2015. Systems biology of the secretory pathway: What have we learned so far?. Biology of the Cell 107:7, 205-217.
[Crossref]
102. Justyna Janikiewicz, Katarzyna Hanzelka, Kamil Kozinski, Katarzyna Kolczynska, Agnieszka Dobrzyn. 2015. Islet β-cell failure
in type 2 diabetes – Within the network of toxic lipids. Biochemical and Biophysical Research Communications 460:3, 491-496.
[Crossref]
103. Chiara Tommasino, Matteo Marconi, Laura Ciarlo, Paola Matarrese, Walter Malorni. 2015. Autophagic flux and autophagosome
morphogenesis require the participation of sphingolipids. Apoptosis 20:5, 645-657. [Crossref]
104. Hongming Pan, Zhanggui Wang, Liming Jiang, Xinbing Sui, Liangkun You, Jiawei Shou, Zhao Jing, Jiansheng Xie, Weiting Ge,
Xiujun Cai, Wendong Huang, Weidong Han. 2015. Autophagy inhibition sensitizes hepatocellular carcinoma to the multikinase
inhibitor linifanib. Scientific Reports 4:1. . [Crossref]
105. Jessica A. Williams, Hong-Min Ni, Anna Haynes, Sharon Manley, Yuan Li, Hartmut Jaeschke, Wen-Xing Ding. 2015. Chronic
Deletion and Acute Knockdown of Parkin Have Differential Responses to Acetaminophen-induced Mitophagy and Liver Injury
in Mice. Journal of Biological Chemistry 290:17, 10934-10946. [Crossref]
106. Ruijian Zhang, Ruijun Wang, Qianxue Chen, Hong Chang. 2015. Inhibition of autophagy using 3‑methyladenine increases
cisplatin‑induced apoptosis by increasing endoplasmic reticulum stress in U251 human glioma cells. Molecular Medicine Reports
. [Crossref]
107. Markus Damme, Taina Suntio, Paul Saftig, Eeva-Liisa Eskelinen. 2015. Autophagy in neuronal cells: general principles and
physiological and pathological functions. Acta Neuropathologica 129:3, 337-362. [Crossref]
108. Amélie Bernard, Meiyan Jin, Patricia González-Rodríguez, Jens Füllgrabe, Elizabeth Delorme-Axford, Steven  K. Backues,
Bertrand Joseph, Daniel  J. Klionsky. 2015. Rph1/KDM4 Mediates Nutrient-Limitation Signaling that Leads to the
Transcriptional Induction of Autophagy. Current Biology 25:5, 546-555. [Crossref]
109. James J. Dowling, Steven A. Moore, Hannu Kalimo, Berge A. Minassian. 2015. X-linked myopathy with excessive autophagy: a
failure of self-eating. Acta Neuropathologica 129:3, 383-390. [Crossref]
110. Elizabeth Delorme-Axford, Rodrigo Soares Guimaraes, Fulvio Reggiori, Daniel J. Klionsky. 2015. The yeast Saccharomyces
cerevisiae: An overview of methods to study autophagy progression. Methods 75, 3-12. [Crossref]
111. Ilya Gukovsky, Anna S. Gukovskaya. 2015. Impaired Autophagy Triggers Chronic Pancreatitis: Lessons From Pancreas-Specific
Atg5 Knockout Mice. Gastroenterology 148:3, 501-505. [Crossref]
112. Karol Dokladny, Orrin B Myers, Pope L Moseley. 2015. Heat shock response and autophagy—cooperation and control. Autophagy
11:2, 200-213. [Crossref]
113. X.-P Tong, Y. Chen, S.-Y. Zhang, T. Xie, M. Tian, M.-R. Guo, R. Kasimu, L. Ouyang, J.-H. Wang. 2015. Key autophagic
targets and relevant small-molecule compounds in cancer therapy. Cell Proliferation 48:1, 7-16. [Crossref]
114. Nazira El-Hage, Myosotys Rodriguez, Seth M. Dever, Ruturaj R. Masvekar, David A. Gewirtz, John J. Shacka. 2015. HIV-1 and
Morphine Regulation of Autophagy in Microglia: Limited Interactions in the Context of HIV-1 Infection and Opioid Abuse.
Journal of Virology 89:2, 1024-1035. [Crossref]
115. Jun Hoe Kim, Seung Beom Hong, Jae Keun Lee, Sisu Han, Kyung-Hye Roh, Kyung-Eun Lee, Yoon Ki Kim, Eui-Ju Choi,
Hyun Kyu Song. 2015. Insights into autophagosome maturation revealed by the structures of ATG5 with its interacting partners.
Autophagy 11:1, 75-87. [Crossref]
116. Yangchun Xie, Rui Kang, Xiaofang Sun, Meizuo Zhong, Jin Huang, Daniel J. Klionsky, Daolin Tang. 2015. Posttranslational
modification of autophagy-related proteins in macroautophagy. Autophagy 11:1, 28-45. [Crossref]
117. Azam Bozorgi, Mozafar Khazaei, Mohammad Rasool Khazaei. 2015. New Findings on Breast Cancer Stem Cells: A Review.
Journal of Breast Cancer 18:4, 303. [Crossref]
118. Juhyun Song, Yumi Oh, Jong Eun Lee. 2015. miR-Let7A Modulates Autophagy Induction in LPS-Activated Microglia.
Experimental Neurobiology 24:2, 117. [Crossref]
119. Cheng-Wei Tzeng, Wen-Sheng Tzeng, Liang-Tzung Lin, Chiang-Wen Lee, Ming-Hong Yen, Feng-Lin Yen, Chun-Ching Lin.
2015. Artocarpus communis Induces Autophagic Instead of Apoptotic Cell Death in Human Hepatocellular Carcinoma Cells.
The American Journal of Chinese Medicine 43:03, 559-579. [Crossref]
120. Elizabeth Delorme-Axford, Stefanie Morosky, Jennifer Bomberger, Donna B. Stolz, William T. Jackson, Carolyn B. Coyne.
2014. BPIFB3 Regulates Autophagy and Coxsackievirus B Replication through a Noncanonical Pathway Independent of the Core
Initiation Machinery. mBio 5:6, e02147-14. [Crossref]
121. Sujit Pujhari, Marko Kryworuchko, Alexander N. Zakhartchouk. 2014. Role of phosphatidylinositol-3-kinase (PI3K) and the
mammalian target of rapamycin (mTOR) signalling pathways in porcine reproductive and respiratory syndrome virus (PRRSV)
replication. Virus Research 194, 138-144. [Crossref]
122. Valentina Cianfanelli, Claudia Fuoco, Mar Lorente, Maria Salazar, Fabio Quondamatteo, Pier Federico Gherardini, Daniela De
Zio, Francesca Nazio, Manuela Antonioli, Melania D’Orazio, Tatjana Skobo, Matteo Bordi, Mikkel Rohde, Luisa Dalla Valle,
Manuela Helmer-Citterich, Christine Gretzmeier, Joern Dengjel, Gian Maria Fimia, Mauro Piacentini, Sabrina Di Bartolomeo,
Guillermo Velasco, Francesco Cecconi. 2014. AMBRA1 links autophagy to cell proliferation and tumorigenesis by promoting c-
Myc dephosphorylation and degradation. Nature Cell Biology 17:1, 20-30. [Crossref]
123. Hyun-Hee Ryu, Mi-Hee Jun, Kyung-Jin Min, Deok-Jin Jang, Yong-Seok Lee, Hyong Kyu Kim, Jin-A. Lee. 2014. Autophagy
regulates amyotrophic lateral sclerosis-linked fused in sarcoma-positive stress granules in neurons. Neurobiology of Aging 35:12,
2822-2831. [Crossref]
124. Joseph Ochaba, Tamás Lukacsovich, George Csikos, Shuqiu Zheng, Julia Margulis, Lisa Salazar, Kai Mao, Alice L. Lau, Sylvia Y.
Yeung, Sandrine Humbert, Frédéric Saudou, Daniel J. Klionsky, Steven Finkbeiner, Scott O. Zeitlin, J. Lawrence Marsh, David
E. Housman, Leslie M. Thompson, Joan S. Steffan. 2014. Potential function for the Huntingtin protein as a scaffold for selective
autophagy. Proceedings of the National Academy of Sciences 111:47, 16889-16894. [Crossref]
125. Debra Akin, S Keisin Wang, Pouran Habibzadegah-Tari, Brian Law, David Ostrov, Min Li, Xiao-Ming Yin, Jae-Sung Kim, Nicole
Horenstein, William A Dunn. 2014. A novel ATG4B antagonist inhibits autophagy and has a negative impact on osteosarcoma
tumors. Autophagy 10:11, 2021-2035. [Crossref]
126. Juha M.T. Hyttinen, Marialaura Amadio, Johanna Viiri, Alessia Pascale, Antero Salminen, Kai Kaarniranta. 2014. Clearance of
misfolded and aggregated proteins by aggrephagy and implications for aggregation diseases. Ageing Research Reviews 18, 16-28.
[Crossref]
127. Jessica Nicks, Sooyeon Lee, Andrew Harris, Darin J. Falk, Adrian G. Todd, Karla Arredondo, William A. Dunn, Lucia Notterpek.
2014. Rapamycin improves peripheral nerve myelination while it fails to benefit neuromuscular performance in neuropathic mice.
Neurobiology of Disease 70, 224-236. [Crossref]
128. Alfonso Schiavi, Natascia Ventura. 2014. The interplay between mitochondria and autophagy and its role in the aging process.
Experimental Gerontology 56, 147-153. [Crossref]
129. Yanyan Cao, Yichen Wang, Widian F. Abi Saab, Fajun Yang, Jeffrey E. Pessin, Jonathan M. Backer. 2014. NRBF2 regulates
macroautophagy as a component of Vps34 Complex I. Biochemical Journal 461:2, 315-322. [Crossref]
130. Stefan W. Ryter, Ja Kun Koo, Augustine M.K. Choi. 2014. Molecular regulation of autophagy and its implications for metabolic
diseases. Current Opinion in Clinical Nutrition and Metabolic Care 17:4, 329-337. [Crossref]
131. Jayoung Choi, Sunmin Park, Scott B. Biering, Elizabeth Selleck, Catherine Y. Liu, Xin Zhang, Naonobu Fujita, Tatsuya Saitoh,
Shizuo Akira, Tamotsu Yoshimori, L. David Sibley, Seungmin Hwang, Herbert W. Virgin. 2014. The Parasitophorous Vacuole
Membrane of Toxoplasma gondii Is Targeted for Disruption by Ubiquitin-like Conjugation Systems of Autophagy. Immunity
40:6, 924-935. [Crossref]
132. Stephanie E. Wohlgemuth, Riccardo Calvani, Emanuele Marzetti. 2014. The interplay between autophagy and mitochondrial
dysfunction in oxidative stress-induced cardiac aging and pathology. Journal of Molecular and Cellular Cardiology 71, 62-70.
[Crossref]
133. Qian Luo, Fu-Xin Wang, Nai-Qin Zhong, Hai-Yun Wang, Gui-Xian Xia. 2014. The Role of Autophagy during Development of
the Oomycete Pathogen Phytophthora infestans. Journal of Genetics and Genomics 41:4, 225-228. [Crossref]
134. Ladan Parhamifar, Helene Andersen, Linping Wu, Arnaldur Hall, Diana Hudzech, Seyed Moien Moghimi. Polycation-Mediated
Integrated Cell Death Processes 353-398. [Crossref]
135. Cheng-Wei Tzeng, Feng-Lin Yen, Liang-Tzung Lin, Chiang-Wen Lee, Ming-Hong Yen, Wen-Sheng Tzeng, Chun-Ching Lin.
2014. Antihepatoma Activity of Artocarpus communis Is Higher in Fractions with High Artocarpin Content. The Scientific World
Journal 2014, 1-8. [Crossref]
136. Jimena Canales, Roberto Bravo-Sagua, Alfredo Criollo, Sergio Lavandero, Andrew F. G. Quest. 2014. Tumor Suppression and
Promotion by Autophagy. BioMed Research International 2014, 1-15. [Crossref]
